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ABSTRACT
Improvement of Labyrinth Seal Leakage Rates Using Additive Manufacturing
Austin Gasbarra

The growing popularity of additive manufacturing in commercial applications has allowed for new ideas and new ways of thinking when designing components. Further
optimization at the component level is possible, though powder metallurgy is in its
infancy. This study explores the possibility of using additive manufacturing to develop better labyrinth seals in turbomachinery. Labyrinth seals have a torturous fluid
path with high losses, thus limiting the amount of fluid leakage. These types of seals
can be non-rotating, allowing them to better take advantage of the additive manufacturing process due to the absence of rotating stresses. Labyrinth seal performance
is defined by its ability to limit leakage through a seal. Investigations on the ability
to reduce this leakage using the inherent roughness from the additive manufacturing
process and the addition of complex geometry only capable of being produced by
additive manufacturing are explored. Incompressible and compressible fluid models
are utilized in the study. Perfectly smooth seals with tooth counts of four, six, and
eight are first simulated using ANSYS FLUENT and compared to theoretical models
to determine accuracy. Roughness is then applied to the seals and leakage decreases
of 0.5 % to 1.5 % are experienced for the incompressible model. Decreases of 1.0 % to
3.5 % are experienced for the compressible model. Flow visualization and line analysis
are conducted for all seals tested to understand how fluid flow is behaving within the
clearance region of the seal and seal chambers. Several additive manufacturing geometries are simulated against a control seal to determine geometries with the largest
effect on leakage rates. These geometries are then adapted to a six tooth seal and
simulated with roughness. This additively manufactured seal is then compared to
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the smooth and rough six tooth seal for both incompressible and compressible fluids. Leakage was decreased by 5 % to 8 % for the incompressible model and 5 % to
7 % reductions for the compressible model when compared to the smooth seal. Flow
visualization and line analysis were also conducted for the additively manufactured
six tooth seal. A basic outline for an experiment and test stand were developed for
future work.
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Chapter 1
INTRODUCTION

1.1

Sealing Technology

Seals are essential components in rotating machinery to increase efficiency and performance. The seals achieve these goals by limiting working fluid leakage during
operation. There are various forms of seals such as static seals, where no motion
is present between the sealing surfaces and dynamic seals, where motion is present
between the sealing surfaces. Static seals such as the O-ring, pictured in Figure 1.1a,
are a common seal found in many consumer products such as reusable water bottles.

(a) O-ring

(b) Labyrinth Seal

(c) Enlarged View

Figure 1.1: (a) A common O-ring seal (static seal) [1], (b) two halves of a
labyrinth seal (dynamic seal) [2], and (c) an enlarged view of the labyrinth
seal showing tooth detail.

Dynamic seals on the other hand are design with movement in mind. One type of
dynamic mechanical seal is a labyrinth seal that operates with a clearance from the
shaft. Labyrinth seals have been used for some time, with patents going back to the
early 1900’s [3]. A typical Labyrinth seal commonly used is displayed in Figure 1.1b.
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Some common applications for labyrinth seals are in hot gas turbines where minimal
friction is desired due to high running speeds [4]. The purpose of the labyrinth seals
is to limit the amount of working fluid leakage by creating a torturous path within
the seal. The labyrinth seal is commonly placed around a rotating shaft with a tight
clearance. Figure 1.2 presents several labyrinth seal types that are used in modern
machinery with a corresponding shaft counterpart. Labyrinth seal performance is
important for the overall operation of the machine. In 1978, Stocker [5] predicted
that roughly 430 million gallons of fuel could be saved with 25 % decrease in seal
leakage. Additional metrics Stocker gives include that a 1 % decrease in leakage rates
would result in a turbine efficiency increase of 0.51 %. These small gains are invaluable
for future generations to improve fuel performance and power consumption in order
to create more environmentally conscious designs.

Figure 1.2: Generalized forms of various labyrinth seals [6]. Labyrinth
seal denoted downward slanted component in (a) and shaft denoted by
the upward slanted component (d).
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Figure 1.3: Multiple labyrinth seals along both a shaft and around impellers for a pump rotor [2].
The labyrinth teeth can be rotating or stationary. The teeth are generalized in categories by Whalen [7] with tooth-on-rotor (TOR) being rotating teeth and tooth-onstator (TOS) being stationary. Seals can be either TOR, TOS, or a mixture of both.
Figure 1.2 has the rotating element as the lower component in (a) - (f). A high pressure side and low pressure side of the seal resides on the inlet and outlet respectively.
The location of inlet and outlet is determined by machine components. The labyrinth
teeth create a close clearance to the shaft and in the resulting gaps a pressure drop
occurs. Figure 1.3 presents multiple labyrinth seals on a pump rotor. Labyrinth seals
have a wide application range and are not just designated to residing around a shaft.
It is common to have teeth on the rotor and connected to the housing for straight
through seals to allow for replacement in the event of replacement due to wear [4].
Labyrinth seal clearances can range from as small as 0.004 in to 0.020 in or larger. In
comparison, a journal bearings can have clearance ranges of 0.001 in to 0.003 in [8].
Teeth count can also range from a few teeth, such at 3 or 4, to 30 teeth or more.
Clearances and teeth number are specified to meeting required design requirements
as they are more easily changed and have greater effects on leakage.

3

Despite the wide range of labyrinth seal designs, in this analysis a simplified straightthrough labyrinth will be utilized. The idealized seal is presented in Figure 1.4.

Figure 1.4: Idealized straight-through tooth-on-stator labyrinth seal to be
used in this study.

This model follows designs from previous studies and allows for less complex geometrical computations to allow for better understanding of the primary focus of this study
[9, 10]. This form of the seal is easier to manufacture and removes other variables
such at knife point teeth, and curved tips.
Labyrinth seals historically have been manufactured using traditional machining methods such as milling or turning. These methods generally leave a smooth surface finish
post machining along the seal face that does not help with decreasing leakage rates
akin to a rough pipe creating a higher head loss [11]. The most common labyrinth
seals are straight-through and stepped seals. Straight-through labyrinth seals are
generally easier to manufacture than the stepped counterpart [12]. In contrast to traditional machining and the manufacturing limitations, additive manufacturing (AM)
capabilities and knowledge are improving and it is becoming increasingly viable to
utilize its strengths to improve labyrinth seal leakage.
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1.2

Additive Manufacturing

The American Society for Testing and Materials (ASTM) defines additive manufacturing as a process of joining materials to make parts from 3D model data, generally
layer by layer [13]. This layer by layer method increases the ability of what can be
manufactured compared to traditional subtractive methods, such as milling or turning
and near net shape manufacturing, such as casting or forming [14].
Selective laser melting (SLM) is a commercially viable process and this study will
base any AM decisions around the parameters of SLM. The first reason is accessibility as Cal Poly has a SLM®125 from SLM Solutions that is currently used to print
316L stainless steel. The second reason is due to its relevancy in industry. Selective
laser melting is one of the most common method for creating additively manufactured parts. Companies such as Relativity have been founded on the principle of
additive manufacturing solely for rockets. A great example of the capabilities of AM
is presented in Figure 1.5 which depicts a volute design licensed by Launcher and
manufactured by Protolabs.
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Figure 1.5: Additively manufactured volute for a rocket turbopump with
a design discharge pressure of 4130 psia printed using Inconel 718 [15].

The volute demonstrates the capabilities of using AM and traditional methods to
create better hardware.
SLM®125 machine is a powder bed fusion style machine and will be the primary
focus and method for manufacturing the labyrinth seals. An image of the general
powder bed fusion layout is presented in Figure 1.6. Powder bed fusion works by
laying a bed of powder that is selectively fused by a laser. A blade or roller is then
used to add a layer of new powder to the build area. Components are built upon a
thick metal plate, called the build plate, which acts as initial structural support and
as a large heat sink to help cool the metal after melting.
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Figure 1.6: Powder bed fusion process showing the general layout of components [14].

The SLM®125 has a build volume of 125 by 125 by 125 mm cube, or a roughly 5
by 5 by 5 in. The largest machine SLM Solutions offers is a SLM®800 which has a
build volume of 19.7 by 11 by 33.5 in. The SLM®125 can achieve layer thicknesses
between 20 and 75 µm and a minimum feature size of roughly twice the maximum
layer thickness at 140 µm.
Due to the high temperatures endured in hot gas turbines, many labyrinth seals are
made with high temperature resistant alloys [4]. High heat resistant alloys such as
Inconel 625 and 718 are available to be used with selective laser melting. Powder
metallurgy is still in its infancy and as a result additively manufactured parts are not
commonly used in areas of high dynamic loads. TOS labyrinth seals are non-rotating
seals and thus can take advantage of being manufactured with AM.
There are two aspects of additive manufacturing process that can be beneficial for
labyrinth seals. The first is the inherent surface roughness of the manufacturing
process. The roughness from an additive process compared to a traditional process is
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much higher and can be advantageous in reducing leakage rates. The second aspect is
the ability to manufacturing complex geometries. Currently, most seals are relatively
smooth with simple geometrical features but with AM complex geometries can be
created to potentially add more resistance to the flow further reducing the leakage
rates similar to geometry changes with stepped seals.

1.3

Research Scope

The potential advantages of additively manufactured seals specifically the inherent
roughness, and the addition of complex geometries, will be analyzed in this study.
This research will primarily focus on analyzing straight-through labyrinth seals and
three main cases will be simulated. The case are

1. A traditionally manufactured seal with smooth surfaces and simple geometry.
2. An additively manufactured seal with rough surfaces and simple geometry.
3. An additively manufactured seal with rough surfaces and complex geometry.

In each case, flow will be analyzed using computational fluid dynamics (CFD) using
both compressible and incompressible fluids. The smooth and rough surface seals
with simple geometry will be grouped as the standard seals while the additively manufactured seal with complex geometry will be referred to as the AM seal. Leakage is
expected to be improved when moving to a rough seal, but the increase in reduction is
not known. The AM seals allow for interesting geometries that can reduce leakage and
help determine whether additive manufacturing is a worthwhile venture for labyrinth
seals. The driving comparison between each seal to benchmark its performance will
be the leakage rate out of the seal. The main goal of the seal is to decrease the leakage
rate of the seal when moving to a rough or AM seal.
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A preliminary design for a test stand will be done to conduct a future experiment with
the goal of helping quantify and improve the computational model. This study was
started prior to the COVID-19 pandemic with plans for computational models and
experimental testing. Due to restrictions on accessing labs and machine shops, the
opportunity to complete the experimental portion of the study was not present. This
leaves the computational models without experimental data to compare to. Ground
work for a future experiment is developed.
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Chapter 2
LITERATURE REVIEW

2.1

Direct Equations for Seal Leakage

Leakage rate calculations are currently based on several equations though not all will
be discussed. Martin’s equation developed in 1908 is presented in Equation (2.1) and
is one of the most commonly used equations. Martin developed his equation through
the energy equation while studying steam turbines [16].
s
w = 68Ω

P1 (1 − 1/ρ2 )
V1 (N + ln(ρ))

(2.1)

Here, w is the mass flow rate in lbm s−1 , Ω is the flow area in ft2 , P1 is the inlet pressure
in lbf ft−2 , ρ in this instance is the expansion coefficient, V1 is the specific volume in
ft3 lbm−1 , and N being the number of teeth. These are the original symbols given by
Martin. Martin notes that the expansion coefficient, ρ can be taken as P1 /PN where
PN is the pressure at the last tooth of the seal. Manipulating the equation knowing
that V1 = RT1 /P1 , where R is the gas constant and T1 is the inlet temperature,
denoting area with A as opposed to Ω, denoting inlet pressure as P0 rather than P1 ,
mass flow as ṁ rather than w, and lastly chaging such that the inputs are in inches
rather than feet, we arrive at Equation (2.2). This form is as stated by Gamal [9]
and Suryanarayanan [17] but without the numerical coefficient. When converting to
inches from feet, this constant becomes 5.67.
AP0
ṁ = √
RT0

s

1 − (PN /P0 )2
N − ln(PN /P0 )
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(2.2)

Here, ṁ is the mass flow rate, A is the cross-sectional area of the clearance area
between the seal tooth and shaft, R is the gas constant, P0 is the pressure at the
entrance of the seal, T0 is the inlet temperature, N is the number of sealing points
or teeth, and PN is the pressure at the last sealing point which will be refereed to
as the outlet pressure. A key assumption Martin used was that the entire process is
isothermal [18]. Vermes also notes that a constant multiplier of 5.76 rather than 5.67
leads to more accurate results. This value is not included in the equation given by
Gamal [9] and Suryanarayanan [17] as well. This value is used later when predicting
leakage rates through seals, thus the final equation used is presented in Equation
(2.3).
AP0
ṁ = 5.76 √
RT0

s

1 − (PN /P0 )2
N − ln(PN /P0 )

(2.3)

Vermes notes that further derivations taking into the account the thermal variability
resulted in a 3 % difference in predicted leakage [18]. Another key aspect is that with
a fixed pressure ratio, the inlet pressure, P0 divided by the outlet pressure, PN , which
will be atmospheric pressure in this study, the leakage rate becomes an equation of
clearance area, A, inlet temperature T0 and number of teeth, N . Pressure ratios of 3
to 8 will be varied through this study but no indication of maximum pressure ratio
limits are mentioned by any authors. The leakage becomes proportional to changes in
area and inversely proportional for changes in inlet temperature. In this study, inlet
temperature will be held constant at room temperature and thus the seal leakage is
merely a function of clearance area and teeth number. Increasing the number of teeth
decreases the leakage but with a trade off of increasing the size of the seal.
Vermes notes some difficulties with Martin’s equation. One comment corresponds to
that velocities in the middle of a seal chamber are not negligible due to the pitch,
or space between teeth, being too small [18]. This does not allow enough energy
dissipation within the seal chamber. Equation (2.4) is presented by Vermes which

11

presents the residual energy factor of the flow leaving the seal tooth and entering the
chamber derived from boundary layer theory [18].

L=

8.52
(P − L)/C + 7.23

(2.4)

Here, L is the residual energy factor, P is the distance between the tooth centerlines, L is the tooth width, and C is the tooth clearance. With short pitched seals,
knowing the residual energy can correct Equation (2.3) to be more accurate. Vermes
also notes a particular event where sonic flow is reached at the final tooth. Martin originally assumed the flow must be subsonic everywhere but Vermes states that
Martin’s equation is still valid in this instance [18]. Vermes does not discuss the topic
further. Martin’s equation was later built upon by Elgi [19] with the similar purpose
of improving steam turbines. Elgi added an empirically-derived coefficient and a subp
√
stitution for 1/ RT0 with gP0 /v0 . Here g is the acceleration due to gravity, and
v0 is the specific volume before the labyrinth. The updated equation is presented in
Equation (2.5).
s
ṁ = Aα

gP0
v0



1 − (PN /P0 )2
N − ln(PN /P0 )

(2.5)

A flow coefficient, α is introduced in Equation (2.5). The flow coefficient is an empirical derived coefficient based on leakage tests. Furthermore a portion of Equations
(2.3) and (2.5) is presented in Equation (2.6) and is known as the leakage function.
s
ψ=

1 − (PN /P0 )2
N − ln(PN /P0 )

(2.6)

The leakage equation is derived from the energy equation and is used to account for the
flow restrictions from the labyrinth [19]. Elgi notes that for a large number of teeth,
N , the logarithmic term can be neglected. Suryanarayanan also notes that Equation
(2.6) is an expansion term which is used to compensate for compressibility effects in
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Equation (2.3). No further comment on the matter is given by the Suryanarayanan. A
further breakdown and analysis of other leakage equations was completed thoroughly
by Gamal [9]. Martin also discusses a correction to his equation in the event of sonic
or supersonic flow but does not go into detail on the corrections needed to be made
[16].
Equation (2.3) will be used to help baseline initial seal designs compared to simulated
results using Vermes numerical coefficient of 5.76 to improve accuracy. Roughness is
not accounted for within a seal in Equation (2.3), and thus will be used to validate
the smooth seals when using air as a working fluid.

2.2

Seal Geometry and Design

Labyrinth seals reduce leakage by varying geometry of the seals themselves. Major
parameters for straight through seals are amount of teeth, teeth width, cavity width,
and tooth clearance. A study conducted by El-Gamal et al. [20] found that rotation
has little affect on leakage for grooved seals. As stated previously, labyrinth seals are
stationary but are housed around a rotating shaft and equations such as Equation
(2.3) do not account for shaft rotation. The primary goal of this study is to investigate potential reductions in leakage rates based on AM roughness and AM geometry
wihtout accounting for shaft rotation. Not included in this study is an investigation
of AM geometries that may improve rotordynamic properties as labyrinth seals are
known to have effects on shaft rotordynamics. This creates an instance for additive
manufacturing to allow for a similar leakage rate seal but with benefits of better rotordynamic properties. For the overall design of labyrinth seals Zabriskie and Sternlight
[21] noted that the two important geometrical shape considerations for seals are:

1. The shape of the teeth.
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2. The size and shape of the chamber that is between two teeth.

2.2.1

Tooth Geometry

Nomenclature for tooth geometry used within this study is denoted in Figure 2.1 from
Wittig et al.

Figure 2.1: Reference guide presented by Wittig et al. for the seal geometry [10].

The radial clearance is denoted by s, tooth width or thickness is denoted by b, tooth
pitch is denoted by t, and tooth height is denoted by h. Tooth angle of attack is
considered when teeth are rotated forward. Beveling of the tooth blade is whether or
not the tooth clearance surface is parallel to the shaft or not.
Zabriske notes that tooth-tip thickness to clearance ratio and relative flow angle,
or angle the tooth makes relative to the flow direction, are the key parameters for
tooth geometry [21]. Kearton indicates that teeth sharpness have significant impact
on leakage rates. He indicates that as much as a 20 % variation in leakage rates
can occur. The amount of teeth also have effects on leakage rates. Using Equation
(2.6) and varying the number of teeth results in Figure 2.2, taken from Elgi. While
increasing teeth from low teeth counts to high teeth counts have large effects on

14

leakage, increasing teeth count eventually yields a diminishing return on reducing
leakage [19].

Figure 2.2: Leakage equation taken from Elgi, plotted by Burcham for
various teeth numbers [12].

Each curve in Figure 2.2 corresponds to a number of throttling, or teeth, N . With
a high inlet pressure, P0 , the leakage is the highest. Lowering the leakage rate such
that the inlet and outlet pressures are equal, a pressure ratio of 1 for Figure 2.2, the
leakage function is equal to zero. This indicates no flow is occuring. The leakage
decreases with an increase in tooth count. Tooth count and resulting leakage is not a
linear trend as double the teeth from 16 to 32 does not result in half the leakage. The
value for ψ for Equation (2.5) can then be found by searching across the n = constant
line at the operating pressure ratio. Egli experimentally investigated the variation
of flow coefficient, which is the ratio of clearance area to the area of the fluid jet
produced, on seal clearance and tooth thickness. The experiments Elgi conducted do
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not have flow visualization accompanied with the presented data. Data from one of
the tests for thin sharp-edged teeth is presented in Figure 2.3. Here, δ is the seal
clearance and ∆ is the tooth thickness.

Figure 2.3: Flow coefficient for seals using a 0.010 and 0.020 inch sealing
strip [19].

Holding tooth width constant and increasing the clearance of the tooth decreases
the flow coefficient until reaching an asymptote of roughly 0.67 at δ/∆ = 4. The
0.020 in strip would at maximum roughly 20 % less leakage for the same clearance.
From Equation (2.5), a decrease in flow coefficient, α, decreases the leakage rate.
Alternatively, the increase in clearance increases the clearance area, A, increasing the
leakage rate.
Burcham [12] also states that 40° is the ideal tooth angle of attack to resist the flow.
It is also noted by Burcham that stepped and staggered seals have roughly 50 % less
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leakage. Burcham also indicates that Elgi [19] also determined optimum pitch for a
given diametral clearance and is presented in Figure 2.4.

Figure 2.4: Optimum pitch for a given diametral clearance [19].

As diametral clearance increases, the optimum pitch for leakage reduction also increases. In this study a simulated diametral clearance of 0.04 in is used which according to Figure 2.4 would have an optimum tooth pitch of roughly 0.28 in. The
seals used in this study have a pitch of almost 0.5 in, which is just under two times
the optimum. These seals are for dimensions presented by Wittig et al. and will be
disucssed later [10].
Gamal conducted further research in seal geometry effects [22]. Gamal noted a 10 to
20 % decrease in leakage when increasing blade thickness for a fixed clearance. This
follows similar to Elgi’s findings Figure 2.3. Gamal also notes that blade beveling
increased leakage rates and theorizes that different seals can have different sensitivities
to tooth geometry changes. He further expands on this topic in detail noting that
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blade thickness and beveling are suitable depending on the seal. This conclusion is
also met within this study and discussed further in Chapter 5, Section 5.2. Seals that
are less sensitive to tooth width may see performance increases due to beveling while
seals that are more sensitive to tooth width may not.
Furthermore, Gamal tested the effects of cavity depth as well. He notes that with a
fixed-toothed seal with a constant pitch with a chamber depth reduction of 80 % had
minimal effects on leakage [22].

2.3

2.3.1

Previous Work

Experimental Work

Labyrinth seals have been investigated heavily since their inception. Experiments
conducted by Gamal primarily focused on direct measurement of leakage rates. Other
experiments, such at Elgi’s [19] and Wittig et al.’s [10] do not ivestigate leakage rates
directly.
Gamal [9] conduct several tests for leakage rate on labyrinth seals in his doctoral
thesis. Three seals were tested and the corresponding geometrical information on
each seal is presented in Table 2.1.
Table 2.1: Seal geometry information used by Gamal [9].
Seal
No.
1
2
3

Pitch
in.
0.5
0.125
0.5

Thickness
in.
0.125
0.125
0.250
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Length
in.
2.00
0.88
2.50

Each seal additionally had a groove depth of 0.5 in. and a square shaped tooth.
Figure 2.5 presents a plot of data from all three seals. The test was conducted at
varying pressure ranges from 30 psia to 100 psia using air.

Figure 2.5: Leakage rates for the three seals presented in Table 2.1 for
various pressure ratios [9].

A linear trend occurs with an increase in leakage with an increase in pressure despite
some geometrical differences. Gamal tested various pitches for the labyrinth seals and
all seals generally had similar leakage rates [9]. The leakage from Gamal’s experiment
is consistent with predicted equations. Increasing pressure resulted in increasing
leakage rates.
Gamal’s seal designs do not follow design practices noted in literature. Had these design choices been implemented, a potential decrease the resulting leakage rate might
be observed. Gamal’s experimental data comparison to the Martin equation showed
errors up to 50 % [9]. Gamal does not discuss further as to causes of the high error. While Gamal holds groove depth constant, it is noted by Zabriskie [21] that
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groove depth does not have as much as an impact on leakage as chamber width does.
Zabriskie points to Jerie’s flow visualization in that the apparent optimum groove
depth is roughly equal to or just under the pitch [21].
A study by Wittig et al. was conducted to verify his own computational work [10].
Wittig et al. investigated discharge coefficient, or the rate of meausred mass flow rate
to the ideal mass flow rate at each tooth within the labyrinth seal. Wittig et al.’s
data will not be compared to directly due to higher pressure ratios being used, but
the seal geometry that was used in his study will be the basis for the geometry of the
seals used in this study.

2.3.2

Computational and Numerical Work

Suryanarayanan conducted simulations using ANSYS FLUENT to test seal leakage
using water and air [17]. Suryanarayanan also created several MATLAB scripts designed to predict leakage of a labyrinth seal given basic geometry and operating conditions. One specific MATLAB script was designed specifically for air. The method
used a refined version of Hodkinson’s method. The script was able to accurately
predict the values of Gamal’s research [17].
Suryanarayanan models a seal as series of orifices and cavities, indicating that the
flow can become a function of a flow coefficient of each tooth, and a carry over
coefficient which accounts for kinetic energy dissipation in the seal cavity. Suryanarayanan notes in his findings that Reynolds numbers and radial clearance to pitch
ratios have primary influences while tooth width, also called tooth thickness, is a
secondary influence. Limitations that Suryanarayanan notes for both the compressible and incompressible model are listed in Table 2.2. Dashes under the minimum
and maximum values indicate no bound was given for the variable. Suryanarayanan
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Table 2.2: Constraints on the Suryanarayanan model for the compressible
and incompressible model [17].
Factor
Radial Clearance to Tooth Pitch
Tooth Width to Tooth Pitch
Tooth Width to Radial Clearance
Tooth Height to Tooth Pitch
Reynolds Number

Compressible
Min Value Max Value
0.0075
0.0375
0.0075
0.5
2.67
66.7
0.75
4
250
15000

Incompressible
Min Value Max Value
0.05
0.5
2.67
0.75
250
15000

developed his model for both incompressible and compressible fluids. The Reynolds
Number range for Suryanarayanan includes both laminar and turbulent flows. The
model is based on curve fitting data from CFD simulations and also contains no
roughness parameter. Both the incompressible and compressible models performed
well against experimental tests [17] that fit within the specified conditions. The model
works by computing the mass flow rate through the use of carry over and discharge
coefficients and iterating until the residual error value is less than 1 × 10−4 lbm s−1 .
There were minor updates needed to Suryanarayanan’s code in order for it to be
more applicable to this study. The original code assumes the seal is annular and
therefore some calculations depend on the presumed shaft radius. The area and
Reynolds calculation were changed from the original document and explained further
in Section 3.4. Suryanarayanan notes that for water he obtained maximum error
values of 5.7 % for water and a percent error for air is not given. Suryanarayanan
also notes that high radial clearance to tooth pitch ratios can lead to massive errors.
Geometries above his given constraints can show error upwards of 40 %.
Further work from Wittig et al. included determining the flow field within a labyrinth
seal and estimating discharge coefficients. Again, Wittiget al.’s computational work
with discharge coefficients will not used as a direct comparison as different pressure
ratios are being studied. Wittig et al. did produce figures of flow visualization for
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(a) Velocity Vectors

(b) Pressure Contour

Figure 2.6: Velocity vectors (a) and pressure contours (b) for a six tooth
seal with a clearance gap of 1.5 mm with Reynolds Number of 45000 and
pressure ratio, P0 /PN , of 1.63 [10].
his own six tooth seal. Figure 2.6 presents velocity vectors and pressure contours of
a six tooth seal. The radial clearance gap of 1.5 mm is larger than what will be used
within this study, but the general shapes will be used to validate the flow fields of this
study. The seals Wittig et al. used will be the basis for this studies seal geometry.

2.4

Additive Manufacturing

As stated before, the American Society for Testing and Materials (ASTM) defines additive manufacturing as a process of joining materials to make parts from 3D model
data, generally layer by layer [13]. There are many different forms of additive manufacturing but they share a common ground. Material selection can vary from plastics
to metals and time to finalize components through other forms of manufacturing can
vary depending on which AM method is chosen.
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2.4.1

General Additive Manufacturing Process

The basis for all additive manufacturing processes can be brought down to eight
generic points [14]. Those points are:

1. Computer Aided Design (CAD) Model
2. STL Conversion
3. File Transfer
4. Machine Setup
5. Component Build
6. Component Removal
7. Component Post-processing
8. Component Application

A CAD model is the first step in determining the desired geometry for manufacturing.
Once decided, a stereolithography, or STL file is produced. An STL file contains
information on all of the closed surface data of the CAD model, which is then used in
determining the layers. The machine parameters are set and the STL file is loaded into
the machine. The part is then built. Upon completion, the component is removed,
post processed, and inspected. Post processing can vary from simple surface finish
improvements to adding or correcting geometry. Finally, the component is ready to
be used in its designated application.
Delving further into each process yields more complex options. One option is the build
orientation of the part. A benefit of the layer by layer method, the component being
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built can be split into layers in any direction. This allows for component’s orientation
to be moved around in space to fit within the build chamber. Additionally, this can be
used to improve properties in a specific direction. Similar to composite materials, AM
parts are weaker between individual layers versus along layer lines. This allows for
components to be printed in an orientation that benefits the expected load direction.
Some drawbacks are still present with moving around the orientation of a component.
Build support material is required and may need to be increased, or even added in
areas, to help promote desired build geometry. Build supports are material that is
printed along side the desired component to aid in its manufacturing. The material
acts as a method for transferring heat from the newly melted powder back to the build
plate. This helps prevent material burning and thermal warping during printing.
Additionally, build supports can support material such as overhangs to ensure the
successful printing of the feature. Surface roughness also varies with the orientation
that a component is printed in. Surfaces that are facing downward towards the print
bed will have higher surface roughness values, though how much is dependent upon
the machine and material used.
Machine parameters also play a role in successful printing. These parameters can be
lumped into four categories [14]. These parameters include:

1. Laser-Related Parameters
2. Scan-Related Parameters
3. Powder-Related Parameters
4. Temperature-Related Parameters

Laser related parameters include settings like laser power, spot size, and pulse conditions. Scan-related parameters are settings on the scan speed, spacing, and pattern.
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The combination of laser and scan parameters work together and influence how well
each layer of a model turns out. Powder-related parameters include particle shape,
size, and distribution and include the how much powder is laid out during each recoating and how thick that layer is. Powder properties weight heavily on size and
detail of features that can be built.

2.4.2

Achievable Geometry

A review of additive manufacturing is required to understand the capabilities of what
can be made, the process of how it is made, and how it can be utilized on the AM seal.
Additive manufacturing allows for more design freedom compared to other methods
such as milling or turning. With traditional manufacturing methods, the method in
which features are made must be in defined set of steps in order to achieve the desired
end result. Additionally, depending on the machine, only a single operation can be
done at once. Geometry sizes in traditional methods are limited again by tooling
available to create these geometries. End mills and drill bits can only go so small but
with additive manufacturing many of these constraints are removed. Internal holes
and enclosed surfaces are possible. Taking something like a nozzle for a rocket engine,
which usually has cooling tubes added to the bell shaped nozzle can be combined such
that the cooling tubes can be integrated into the nozzle design for a single part rather
than multiple.
Achievable geometry, as previously stated, is defined by the size of the powder and
the layer thickness. This complexity allows for components that normally would be
separate pieces to come together and be printed in only one component. Different lattice structures are also achievable that can be used to increase stiffness with minimal
increases to weight.

25

2.4.3

Roughness

Two parameters are required when setting roughness within the ANSYS FLUENT
simulation. These parameters are the roughness height, Ks , and the roughness constant, Cs . The parameters are set through the wall boundary conditions. Setting the
roughness height is specified using equivalent sand grain roughness of the surface in
question. The roughness constant is not straightforward to set. The ANSYS FLUENT User’s Guide notes that a clear guideline for choosing a roughness constant is
not clear. A constant of 0.5 is used by default to match previously experimentallyderived resistance data [23]. If the roughness is not uniform it is recommended that
the roughness constant is increased to be anywhere from 0.5 to 1.0. In this simulation
a roughness constant of 0.7 is used.
A study by Adams, Grant, and Watson produced a simple algorithm to relate surface
roughness to sand grain [24]. The authors find algorithms for the arithmic mean
roughness, Ra , the root mean square of the roughness profile depth, RRM S , and
the average roughness depth, Rz , but noted the results for Rz are the most accurate.
Kozior and Bochnia [25] recently conducted an experiment on additively manufacture
316L stainless steel samples. Various surface roughness measurements were taken on
multiple samples printed at various angles. The prominent results to be used for this
study are presented in Table 2.3.
Table 2.3: Surface roughness measurements for major build orientations
[25].
Orientation
°
0
45
90

Arithmetic Mean Roughness Value
Ra
µin (µm)
149.6 ± 63.0 (3.8 ± 1.6)
173.2 ± 19.7 (4.4 ± 0.5)
173.2 ± 19.7 (4.4 ± 0.5)
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Average Depth Roughness Value
Rz
µin (µm)
834.6 ± 326.8 (21.2 ± 8.3)
897.6 ± 82.7 (22.8 ± 2.1)
881.9 ± 196.9 (22.4 ± 5.0)

Kozior provides measurements for Rz thus the Adams et al. algorithm for Rz , presented in Equation (2.7), will be used.

 = 0.978Rz

(2.7)

The corrected roughness values are presented in Table 2.4. This values will be used
across all simulations in which roughness is required. It is important to note that no
roughness will be applied to the simulated shaft wall.
Table 2.4: Equivalent sand grain values.
Angle
°
0
45
90

2.5

Value
µin (µm)
816.1 (20.73)
878.0 (22.3)
862.2 (21.9)

Fluid Mechanics Review

The division between the two fluids compared in this thesis can be drawn between
incompressible and compressible fluids. Water being incompressible while air is compressible. The major differences and relevant equations are discussed in their respective sections. The fluids review is necessary as principles will be utilized to analyze
flow within the labyrinth seals. Additionally, the extensive study of labyrinth seals
has shown high pressure ratios are created thus the need to treat air as a compressible
fluid. Choked flow review is also reviewed as instances of choked flow are observed.

27

2.5.1

Incompressible Fluids

An incompressible fluid is defined as a fluid where density variations are non-existent.
For fluids such as liquids where density variations are neglible, it is reasonable to assume that they behave as incompressible fluids. In the previous models discussed, all
of them consider incompressible fluids. Incompressible fluid flow through a labyrinth
seal most aptly resembles flow through a pipe with sudden contractions and expansions if teeth are wide. If the teeth within the labyrinth seal are thin then they can
be treat as acting similar to orifices. The governing equation for pipe flow is the
extended Bernoulli Equation, presented in Equation (2.8).
2

V
P1
+ α 1 + z1
ρg
2g

2

!

P2
V
+ α 2 + z2
ρg
2g

−

!
= HlT

(2.8)

Here, P is the fluid pressure, ρ is the fluid density, g is acceleration due to gravity, V is
the average velocity, z is the height, and HlT is the total head loss. The kinetic energy
coefficient, α, gives weighting for laminar and turbulent flows. Values for turbulent
flows, α are roughly 1 while for laminar flows, α is equal to 2. The total head loss
can be broken down further into major and minor head losses. Major head losses,
presented in Equation (2.9).
2

LV
Hl = f
D 2g

(2.9)

Pipe length, L, pipe diameter, D, and friction factor, f are introduced. Major head
losses are caused due to friction along the pipe walls. For laminar flow, the friction factor can be computed simply using Equation (2.10) where Re is the Reynolds
Number.
f=

64
Re
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(2.10)

Turbulent flows, which occur from high pressure ratios, are expected within the
labyrinth seals as it is shown later that the minimum Reynolds Number encountered during the simulations is 5120. Reynolds Numbers of roughly 1000 are used
to determine whether the flow is turbulent or not [12]. The friction factor is more
complicated to compute for turbulent flows. One form of calculating friction factor
for circular ducts is the Colebrook equation presented in Equation (2.11).
1
√ = −2.0 log
f



2.51
e/D
√
+
3.7
Re f


(2.11)

In this equation, e is the relative roughness of the pipe being used and is empirically
derived. Another option in determining friction factor is through the use of a Moody
Diagram. With a known e/D ratio and Reynolds Number, a friction factor can be
determined from the diagram. The second and final component of the total head loss
is the minor head loss, presented in Equation (2.12). As stated, friction factor calculations presented are for circular ducts. The simulations in this study use rectangular
ducts. For a comparison, using the equivalent roughness and clearance to replace
diameter, the seals being simulated have an e/s ratio of 0.041 which is a high degree
roughness on a Moody Diagram with a Darcy Friction Factor around 0.065.
2

Hlm

V
=K
2g

(2.12)

The term, K, is the loss coefficient. Additional components such as valves, pipe
elbows, and connection have losses associated with them that get tallied into the
minor head losses. Additionally losses exist for contractions and expansions and
other geometry changes within a piping system.
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2.5.2

Compressible Fluids

A compressible fluid is a fluid where density fluctuations are not negligible, generally
this applies primarily to gases. This study will use air and treat it as a compressible
fluid. Additionally, air will be assumed to be a calorically perfect gas. A calorically
perfect gas follows two requirements. The first that the gas must follow the ideal gas
law,
P = ρRT

(2.13)

where P is the gas pressure, ρ is the gas density, R is the specific gas constant,
and T is the gas temperature. The second requirement is that the gas must have
constant specific heats. This is different from a thermally perfect gas where the
specific heats are functions of temperature. For simplicity, a calorically perfect gas is
used. A dimensional parameter, Mach Number, presented in Equation (2.14) relates
the velocity of the fluid relative to the speed of sound

M=

V
.
c

(2.14)

The speed of sound is influenced by the temperature of the gas, as well as the specific
fluid being used. Thus, each gas has its own specific speed of sound. This is further
noted in Equation (2.15)
c=

p
γRs T .

(2.15)

Here, γ is the ratio of specific heats of the gas, cp /cv , Rs is the specific gas constant,
which is the universal gas constant, R, divided by the molar mass of the gas, and T
is the absolute temperature. Both γ and Rs are specific to gases, and are constant
values with a calorically perfect gas. This identification makes the speed of sound only
a function of temperature. Lower temperatures result in lower speeds of sound and
higher Mach Numbers while higher temperatures result in lower Mach Numbers for
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a fixed velocity. The Mach Number has an important factor in determining whether
a gas can be treated as incompressible or compressible. Mach Numbers roughly
below 0.3 are considered incompressible while Mach Numbers above 0.3 are considered
compressible. Mach numbers ranging from 0.5 to 1.7 are experienced in this study.
Compressible flow properties may be changing at any given point within the flow, so
reference points are made in order to relate all of these points. These points are called
stagnation points and are deemed a point where the flow stagnates, whether it truly
does or not. Taking a streamline and assuming isentropic flow with no heat addition
or friction will yield relationships between points in the flow to the stagnation value.
The relationship for pressure is presented in Equation (2.16)

γ/(γ−1)
γ−1 2
Po
= 1+
M
.
P
2

(2.16)

Here, Po is the local stagnation pressure, P is the pressure at any point within the
flow, γ is the ratio of specific heats, and M is the Mach Number. An important ratio
occurs for air with γ = 1.4, when the Mach Number is equal to unity, the pressure
ratio is equal to 0.528. Thus anywhere a pressure ratio is equal to less than 0.528
sonic or supersonic conditions can occur.
Velocity changes with respect to area also need to be considered. The general flow
path first starts in a chamber, moves through the clearance, and into another chamber. This repeats until the end of the seal. This contraction to expansion is similar to
a converging-diverging nozzle. Area-velocity relation which further derived in introductory fluid mechanics texts such as Fox and McDonald’s are presented in Equation
(2.17)
dA
1
dV
=−
.
V
A [1 − M 2 ]
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(2.17)

Here V is velocity, dV is the change in velocity, A is the area, and dA is the change
in area. This relation displays how area changes effect velocity with relation to Mach
Number. For the subsonic case, Mach Number less than 1, the equation is positive,
thus a positive dA leads to a negative change in dV and the inverse is also true. For
the supersonic case, Mach Number greater than 1, the equation is negative, thus a
positive dA leads to a positive change in dV . For the sonic case, Mach Number equal
to one, the equation approaches infinity. To avoid singularities in velocity we require
dA to go to zero as Mach Number approaches 1. An important conclusion, as it
means the only place the Mach Number is equal to 1 is when at a point where area
is constant, or the section of minimum area, such as the throat of a nozzle. Though
it is important to note that because a minimum exists this does not mean the flow
must be sonic.
Further break downs relating area to the Mach Number are presented in Equation
(2.18).
1
A
=
∗
A
M

"

1+

γ−1
M2
2
γ+1
2

γ+1
# 2(γ−1)

(2.18)

Here, A is area, and M is the Mach Number. A new reference condition is also
introduced, A∗ . The star notation indicates a critical condition, or a condition where
the flow has a Mach Number equal to 1. Thus A∗ is the area of the throat for a
converging diverging nozzle. This ratio leads to two solutions when solved for Mach
Number, one subsonic and one supersonic case. The case depends on the downstream
pressure of the nozzle needing to be roughly equal to meet the design pressure, or the
exit pressure of the nozzle. Critical condition properties for pressure, temperature,
and density exist within the throat.
An interesting phenomenon occurs within the throat of a nozzle, which is that the
mass flow rate reaches a maximum, or becomes choked when the Mach Number
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becomes unity. As noted previously, the only point at which the Mach Number
can reach unity is within the throat. Equation (2.19) presents the general equation
for choked flow. Equation (2.20) presents a simplified version for air using U.S.
Customary units for a result in lbm s−1 .
r
ṁchoked = At Po

γ
Rs To



2
γ+1

γ+1
 2(γ−1)

(2.19)

Here, At is the area of the throat, Po is the stagnation pressure, γ is the ratio of
specific heats, Rs is the specific gas constant, and To is the stagnation temperature.
Equation (2.19) is derived by using the general mass flow rate equation, ṁ = ρV A
but taking the area, velocity, and density at the critical points. Stagnation points
are introduced by using critical-stagnation point relations and density is substituted
using the ideal gas law. Further, Equation (2.20) presents a simplified version for air
using U.S. Customary units for ṁchoked in lbm s−1 , At in ft2 , Po in psia, and To in R.
A t Po
ṁchoked = 76.6 √
To

(2.20)

The flow is choked for a given throat area, stagnation pressure, and stagnation temperature. In this study, area is held constant with varying inlet pressure. Temperature
is allowed to vary based on the calculation of the energy equation and thus the stagnation temperature will change as well. Thus once choked flow is expected, mass flow
rate will still increase due to increasing stagnation pressure and temperature with the
increasing inlet pressure and varying temperature. The labyrinth seal is not technically a nozzle, and stagnation temperature and stagnation pressure are not known
without first calculating the values. Equation (2.19) is simply an expanded form of
the traditional mass continuity when taken at the throat, or critical condition. This
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equation, presented in Equation (2.21), can be rearranged using the ideal gas law.

ṁchoked = ρ∗ V ∗ A∗

(2.21)

By substituting ρ∗ with P ∗ /RT ∗ , we arrive at Equation (2.22).

ṁchoked =

P ∗ V ∗ A∗
RT ∗

(2.22)

Where pressure, area, velocity, and temperature are all the critical values. By realizing
the V ∗ is the speed of sound to allow for a Mach Number of one, and substituting all
the critical values for their respective stagnation values, we arrive back at Equation
(2.19). Data points along the clearance section of the labyrinth seal will be analyzed
which will yield pressure, temperature, and velocity at the critical points for the
seals, thus Equation (2.21) will be used to determine the choked mass flow rate.
Figure 2.7 presents a plot of mass flow rate for various back pressures presented by
in Anderson’s Modern Compressible Flow [26]. It is more apparent that the choked
flow exists. It occurs when Pe3 is met, using Anderson’s notation. This corresponds
to a throat pressure ratio of 0.528 but the back pressure is still much higher than the
exit pressure and does not sustain sonic or supersonic speeds.

Figure 2.7: Choked flow relation for various back pressures [26].
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From that point onward the flow is considered choked and remains constant as back
pressure is decreased and super sonic flow is achieved from the nozzle. At higher pressures where sonic and supersonic flow are achievable the leakage can be determined
from the choke flow equations.
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Chapter 3
SIMULATION SETUP

Simulations were carried out by utilizing SOLIDWORKS, ICEM CFD, and ANSYS
FLUENT. Simulations are the preferred method for analyzing the seals as opposed to
an analytical solution due to the complex geometries involved. Although the smooth
seals are rather simple being just a combination of rectangles, the additively manufactured solution will not be the case with the addition of unconventional geometries
making the use of other methods impossible.

3.1

Model Generation

All models were created in SOLIDWORKS. The initial six tooth seal is modeled after
Witting et al.’s straight through labyrinth seal [10]. Variations were then made to the
seal by varying the teeth number. Table 3.1 presents geometric data all seals tested.
Figure 2.1 presents the key for identifying where dimensions are located, as presented
by Wittig et al.
Table 3.1: Seal geometry used for the simulations by Wittig et al. [10] for
the four tooth (N4), six tooth (N6) and eigth tooth (N8) seals.
Name
N4
N6
N8

Teeth Number
n
4
6
8

Clearance
s
in. (mm)
0.019 (0.5)
0.019 (0.5)
0.019 (0.5)

Pitch
t
in. (mm)
0.472 (12)
0.472 (12)
0.472 (12)
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Tooth Width
b
in. (mm)
0.098 (2.5)
0.098 (2.5)
0.098 (2.5)

Tooth Height
h
in. (mm)
0.413 (10.5)
0.413 (10.5)
0.413 (10.5)

Specific seals will be refereed to by N following a number which indicates the amount
of teeth. For example, the N4 seal is the four tooth seal. An actual labyrinth seal
is annular and housed around a shaft. The axisymmetric assumption of the fluid
flow in the seal allow for a two-dimensional analysis. While not the actual conditions in which a seal would operate, the two-dimensional analysis gives way for a
good comparison study against each seal. The geometry previously listed is created
into a sketch in SOLIDWORKS. After the sketch is complete, a planar surface is
created and exported. The geometry computer-aided design model (CAD) created in
SOLIDWORKS is presented in Figure 3.1.

(a)

(b)

Figure 3.1: (a) Total view and (b) zoomed single single tooth view of the
N6 SOLIDWORKS model. All teeth for all seals are the same shape as
shown.

Additionally, an entry and exit length was added to aid in uniform flow entering and
leaving the labyrinth seal. A 2.44 in entry length and a 6.38 in outlet length were
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added on the labyrinth seal simulation CAD models. The model was output as a .stl
file with the option denoted that the mesh was generated using millimeters, as per
Wittig et al.’s initial given dimensions [10].
Leakage rates are the primary investigation in this study. The seals presented in
Table 3.1 are starting points to the investigation of roughness effects on seals. While
a multitude of seals ideally should be tested, with varying clearances, pitches and
teeth, these three are selected for the primary investigation.

3.2

Mesh Generation

Upon import into ICEM CFD the geometry is broken up and identified. Points are
converted to a PNT part and curves are designated primarily INLET, OUTLET,
or WALL. INTERIOR curves are produced to create separate surfaces to impose
different mesh conditions. Surfaces are then generated to create the domain and are
assigned as FLUID.
The mesh is then set to be only quadrilaterals in order to create a structured mesh.
A structured mesh is chosen as the geometry used is not complex, and the structured
mesh is computationally less intensive. Boundary conditions are then applied to each
surface. WALL curves are assigned wall while INLET and OUTLET are assigned
pressure inlet and pressure outlet respectively. The pressure inlet and pressure outlet
conditions are selected as it is the major identifying condition on leakage as opposed
to velocity inlets. Further discussion on boundary conditions are presented in Section
3.3.1. INTERIOR curves are assigned interior conditions while the FLUID domain
is left without a boundary condition. Errors can occur during the meshing stage
in which additional walls are created along INTERIOR curves. This can be viewed
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visually by selecting viewing only curves under the mesh header on the side bar in
ICEM. Deleting and recreating the surfaces contacting the wall fixes the issue.
The meshing constraints are set to be only quad and to autoblock. A maximum
element size of 0.01 mm is used within the surface mesh settings and is given to all
surfaces. A close up of the resulting mesh near a tooth is presented in Figure 3.2.

Figure 3.2: Close up of the generated structured mesh around two teeth.

This results with a mesh with 289 131 nodes which is higher than the 176 000 nodes
required for grid independence. The mesh is then exported to be used with ANSYS
FLUENT.

3.3

3.3.1

ANSYS FLUENT Simulation

Set Up

Fluid Properties

Upon start up ANSYS FLUENT is set to 2D and double precision being selected.
The ICEM CFD mesh is imported and scaled to the correct size. Air and water are
both used as working fluids in this study. The incompressible fluid scenario is to
represent a labyrinth seal on a liquid pump while the compressible fliud represents
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a scenario such as a gas turbine or compressor. The properties of water at 59 ° F or
518 R presented in Table 3.2.
Table 3.2: ANSYS FLUENT fluid properties of water.
Fluid
Water

Density
lbm ft−3 (kg m−3 )
62.32 (998.4)

Isobaric Specific Heat
BTU lbm−1 R−1 (J kg−1 K−1 )
0.9989 (4182)

Viscosity
lbm ft s (kg m−1 s−1 )
6.740e-4 (1.003e-3)
−1 −1

Due to the compressibility of air, it will be treated as a calorically perfect gas. Thus
density was change from a constant value to that calculated using the ideal gas equation of state, or Equation (2.13). Additionally, the specific heats are constant. This
change resulted in needing the energy equation to be solved as well. Martin’s equation assumed that the process was isothermal, so the inlet, outlet, and wall were set
to the same temperature of 59 ° F, or 519 R. The working fluid itself was not set to
be isothermal, despite this assumption. Upon analysis, it was determined that at
the maximum pressure, a leakage rate difference of only 3 % was achieved. Table 3.3
presents tabulated properties used for air within the simulation.
Table 3.3: ANSYS FLUENT fluid properties of air.
Fluid
Air

Density
Ideal Gas Formulation

Isobaric Specific Heat
BTU lbm−1 R−1 (J kg−1 K−1 )
0.2404 (1006.43)

Viscosity
lbm ft−1 s−1 (kg m−1 s−1 )
1.2024e-5 (1.7894e-5)

Additionally, by fixing the temperature of the fluid, solving the energy equation is
unnecessary, although convergence was harder to obtain. For a more accurate model
to what is truly happening within the seal, a thermally varying model is preferred.
Reiterating again, this study is primarily a comparison between seals, thus if all seals
are held to the same conditions the study is valid regardless of the conditions. The
desire to validate smooth seal leakage against Equation (2.3) is still present thus
why conditions are set as close as possible with resources available. A more detailed
explanation is presented in Appendix A.
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Viscous Model

The Shear-Stress Transport (SST) k − ω solver was selected as the viscous model. It
was chosen due to its combination of both the standard k − ω and standard k − 
models. The constants within the viscous model were used as default. Table 3.4
presents the solution methods used.
Table 3.4: Solution methods used in all simulations.
Method Name
Option Used
Solver
Pressure Based
Pressure-Velocity Coupling
Coupled
Least Squares Cell Based
Gradient
Pressure
Second Order
Second Order Upwind
Density
Momentum
Second Order Upwind
Turbulent Kinetic Energy
Second Order Upwind
Specific Dissipation Rate
Second Order Upwind
Second Order Upwind
Energy

Morrison [27] notes that the standard k− model must be used, ideally with enhanced
wall treatment in order to achieve accurate results of the flow field. The SST k − ω
uses the k −  model in the far field. Flow field is utilized in determining geometry
addition in seals but leakage rate is the primary investigation. Wittig et al. notes that
leakage rates can be accurately determined without the use of highly refined meshes
[10]. Viscous modeling is discussed further in Appendix B. There are several other
viscous models and pressure-velocity coupling option, though they are not explored
in this study.
The pressure based solver is used within this study despite higher Mach Numbers
present. This is in part due to convergences issues experiences when using the density
based solver.
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Boundary Conditions

The boundary conditions imported based on the ICEM CFD designation. ANSYS
FLUENT inputs pressures as gauge pressures, thus the pressure outlet was left at
0 psig to simulate atmospheric pressure. The inlet pressures mirrored those used by
Gamal in his experimental tests starting at 30 psia and increasing until 100 psia [9].
The inlet absolute pressures were set using their gauge pressure equivalent. These
pressures were selected based on the experiments conducted by Edlin [9] and pressures
that were safely achievable on Cal Poly’s campus without the need for extra protocols.
These considerations result in a maximum gauge pressure of 85.3 psig.
Conditions within the simulation were set such that the flow was uniform at the start
of the inlet. In studies like this one, Wittig et. al’s or others where no shaft rotation
was present this would be a justifiable condition. In seal with rotating components
the fluid would not be uniform and contain some swirl do to the rotation of the shaft.
The initial simulations used smooth walls but were later upgraded to simulate the inherent roughnesses acquired during the additive manufacturing process. These values
are provided in Table 2.3. A preference for bottom faces and top faces were neglected
to simplify the roughness parameters. These values will be used later in determining
build orientations for the AM geometry seal.

3.3.2

Convergence Requirements

Convergence will be determined from residual calculations or mass flow rate reports.
Residual values were held to at least 1 × 10−4 for all variables in accordance to recommendations by the Journal of Fluids Engineering [28]. Additionally, convergence
will be checked against a mass flow report. The mass flow out of the pressure-outlet
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will be tracked and convergence will also be deemed when no change in value has
occurred for fifty iterations.

3.3.3

Grid Independence

A grid independence study was performed to determine the minimum amount of nodes
required for the simulation. The node count of each mesh was increased and simulated
using water with an inlet pressure of 30 psia and an outlet pressure of 14.7 psia. Water
is selected for the working fluid to ensure there are no compressibility effects taking
place within the fluid. Grid independence is required in order to ensure that the
solution is not dependent on the mesh. A less refined mesh decreases computation
time and resources with the drawbacks of a less accurate model. Ideally, infinite
amounts of nodes will yield the most accurate results but computational resources
are not necessarily available to do so, thus the mesh is refined just as much as needed.
Figure 3.3 presents the grid independence for the N6 seal.

Figure 3.3: Leakage rates in lbm/s for various node counts for the N6 seal.
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The solution converges at 6.5 lbm s−1 after 176 000 nodes. The percent difference is
less than 0.5 % indicating that any mesh with more than the denoted node count will
return results independent of the grid.

Log-law Validation

Values for the nondimensionalized distance from the wall, y + , are explored for cases
at the 100 psia inlet pressure for both fluids. For standard wall functions, which are
implemented by the SST k − ω model, y + values of the wall adjacent cell centroid
should be within the range of 30 to 300 [23]. Table 3.5 presents values of both the
smooth N6 seal and AM seal. These case are the most extreme at the start of each
tooth and clearance region.
Table 3.5: Values of y + for the smooth N6 and AM seal for water and air
at an inlet pressure of 100 psia.
Seal Name

N6
AM

Max
Value
60
97

Water
Centroid
Value
30
48

Min
Value
0
0

Max
Value
168
322

Air
Centroid
Value
85
129

Min
Value
0
0

The max value is the cell face directly on the wall, the centroid value is in the
centroid of the cell, and the min value is the face touching another fluid cell. Overall
the centroid for all situations are within the bounds denoted.

3.4

Model Validation

The CFD simulations for smooth seals will be verified against theoretical equations,
such as Equation (2.3) and a leakage prediction code, developed by Suryanarayanan
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[17] in his thesis. Suryanarayanan’s model was verified against Gamal’s data, as
stated earlier and aligned well and thus will be compared to all seals [17].
While the simulations are two-dimensional and treat the seals as planar, labyrinth
seals are axisymmetric and the relevance of curvature is dictated by the clearance s
and shaft radius R. ANSYS FLUENT calculates mass flow rate based on an area
using any location height in the model, for example the clearance and a unit depth
of 1 m. Suryanarayanan’s model and the area used within the theoretical equation
calculations were changed to reflect the ANSYS FLUENT calculations. In addition,
a change was made to the Reynolds number calculation in Suryanarayanan’s model.
In the original model, Reynolds number was calculated as,

Re =

ṁ
2πRµ

(3.1)

where ṁ is the mass flow rate, µ is the viscosity and R is the shaft radius. If the
area in Equation (3.1) is defined as 2πRs the resulting Reynolds Number uses the
clearance s as the characteristic length scale. Equation (3.1) cannot be used directly
for the simulations presented because no shaft radius is modeled. As an alternative
to Equation (3.1) Wittig et al. used a Reynolds number defined as

Re =

2ṁ
.
B

(3.2)

Where B is the section width. The factor of 2 presented in the numerator is not elaborated upon. Wittig et al. used section width in his formulation as they used planar
seals [10]. Unlike Equation (3.1), Equation (3.2) does not represent a dimensionless
number. This could very well be a typo in the original publication and so Equation
(3.2) is modified to have viscosity in the denominator. For the simulations presented
in this study, B is equal to 1 m, consistent with unit depth of ANSYS FLUENT, and
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factored into the final representation shown in Equation (3.3).

Re =

2ṁ
µ(1)

(3.3)

The only difference between Equation (3.1) and Equation (3.3) is a factor of 2 in the
numerator. An updated variation of the changes made to Suryanarayanan’s model is
presented in Appendix C. Rough seal validation must be conducted through experimental methods. A test stand is designed with the intent of verifying and improving
computational models. More about this is discussed in Chapter 7.
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Chapter 4
SIMULATIONS OF THE STANDARD SEALS

Simulations for the three seals using a smooth surface and added roughness are conducted. Leakage rates are compared against theoretical models. Flow visualization
is conducted for the seals to understand how the fluid is acting within the seal clearance and chamber sections. Additionally, property values are be analyzed along a line
taken down the middle of the clearance section. Property values investigated include
pressure and velocity for both air and water. Property values of temperature are also
be analyzed for air to aid in Mach Number calculations.

4.1

Smooth Seal Simulation Results and Analysis

The standard seals were simulated using water and air at pressures ranging from 30
to 100 psia. The water simulation results are only compared to the Suryanarayanan
model while the air simulations are compared against both the Martin equation, Equation (2.3) and the Suryanarayanan model. This comparison change is due Equation
(2.3) being valid for gases and not liquids.

4.1.1

Incompressible Simulations

Smooth Simulations Results

The incompressible model was first investigated due the reduced computational complexity by not needing to solve for density variations within the seal. Pressure ratios,
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Table 4.1: Pressure ratio and Reynolds Numbers for the N4, N6, and N8
seal for all inlet pressures using water.
Pressure

Pressure Ratio

psia
30
35
40
45
50
55
60
75
100

2.04
2.38
2.72
3.06
3.40
3.74
4.08
5.10
6.80

Reynolds Number
N4
N6
N8
7089
5886
5120
8227
6844
5960
9235
7691
6705
10150 8462
7381
10994 9172
8006
11782 9836
8589
12522 10460 9138
14533 12160 10627
17401 14572 12754

P0 /PN and Reynolds Numbers for all three seals are presented in Table 4.1. Reynolds
Number for each case are presented using Equation (3.3).
The leakage rate results for each of the N4, N6, and N8 seals are presented in Tables
4.2, 4.3, and 4.4, respectively.
Table 4.2: Simulation results of the N4 seal using water compared to the
Suryanarayanan model.
Pressure
psia
30
35
40
45
50
55
60
75
100

Simulated Mass
Flow Rate
lbm s−1
7.8383
9.0964
10.2113
11.2229
12.1561
13.0265
13.8456
16.0689
19.2399

Suryanarayanan Model
Mass Flow Rate
lbm s−1
7.8964
9.1778
10.3162
11.3520
12.3094
13.2043
14.0478
16.3426
19.6292

Error
%
2.04
2.38
2.74
3.06
3.40
3.74
4.08
5.10
6.80

The simulated mass flow rate is the mass flow rate calculated from the ANSYS FLUENT simulations. The Suryanarayanan Model mass flow rate is the calculated mass
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flow rate using corrections mentioned in Section 3.4. Leakage rates increase with
an increase in inlet pressure. The increase in pressure also relates to an increase in
velocity across each tooth. Treating the seal as a simplified pipe analysis we can refer
back to Equation (2.8). By neglecting the head loss terms, potential energy terms,
and allowing α to be equal to 1 we can arrive at the simplified inviscid Bernoulli
equation between the inlet point, 0 and outlet point, N . Further rearranging the
equation knowing that P0 > PN , and V0 = 0 results in Equation (4.1)
P0 − PN
VN2
=
.
2
ρ

(4.1)

As stated, with outlet pressure, PN being constant, an increase in inlet pressure, P0
results in an increased outlet velocity. This velocity increase contributes the increase
in mass flow rate. It will also be discussed later that velocity magnitude across the
teeth within the labyrinth seal is mostly constant for an incompressible fluid.
Table 4.3: Simulation results of the N6 seal using water compared to the
Suryanarayanan model.
Pressure
psia
30
35
40
45
50
55
60
75
100

Simulated Mass
Flow Rate
lbm s−1
6.5080
7.5670
8.5040
9.3560
10.1410
10.8750
11.5650
13.4450
16.1120

Suryanarayanan-Model
Mass Flow Rate
lbm s−1
6.6230
7.7136
8.6842
9.5686
10.3869
11.1526
11.8749
13.8428
16.6676
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Error
%
1.74
1.90
2.08
2.22
2.37
2.49
2.61
2.87
3.33

Table 4.4: Simulation results of the N8 seal using water compared to the
Suryanarayanan model.
Pressure
psia
30
35
40
45
50
55
60
75
100

Simulated Mass
Flow Rate
lbm s−1
5.6608
6.5898
7.4134
8.1614
8.8514
9.4960
10.1033
11.7501
14.1015

Suryanarayanan Model
Mass Flow Rate
lbm s−1
5.7887
6.7502
7.6068
8.3880
9.1113
9.7885
10.4277
12.1707
14.6760

Error
%
2.21
2.38
2.54
2.70
2.85
2.99
3.11
3.46
3.91

Error across all three seals was within 4 % with the N4 seal performing the best with
error 2 % and under. The Suryanarayanan model overestimated the leakage rates for
all three seals simulated. Table 4.5 is included comparing leakage rates of all three
for an inlet pressure of 30 psia.
Table 4.5: Leakage rate comparison of the N4, N6, and N8 seal for an
inlet pressure of 30 psia. Leakage reduction between each seal is due to
the addition of two teeth.
Seal Name
N4
N6
N8

Simulated Mass Flow Rate
lbm s−1
7.8383
6.5080
5.6608

Percent Reduction
%
17.0
13.0

Reynolds Number
7089
5886
5120

Simulated mass flow rate is again the flow rate calculated from the simulations. Percent reduction is the leakage reduction compared to the previous seal entry. Reynolds
Numbers are provided again. Following suit from Equation (3.3), a reduction in leakage results in a lower Reynolds Number. Mass flow rate decreases with an increase in
tooth count due to the additional decreases in velocity across the seal. The N8 seal
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has a leakage rate of just under one-third the leakage of the N4 seal, and just over
one-eighth the leakage compared to the N6 seal. This decrease is due to additional
teeth within the seal. The tabulated results are presented comparatively with corresponding percent differences in Figures 4.1, 4.2, and 4.3 where both the leakage rate
and error are compared by increasing inlet pressure.

(a) Model Comparison

(b) Percent Difference Comparison

Figure 4.1: Comparison of (a) simulation leakage rates and (b) percent
difference (b) for water compared to the Suryanarayanan Model for the
smooth N4 seal.

The leakage rates and percent different between the simulation and the Suryanarayanan
model are plotted. As depicted from the previous tables, mass flow rate increases
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with an increase in inlet pressure. The positive percent difference implies the Suryanarayanan model under-predicted the leakage rate compared to the simulation while a
negative percent difference implies the Suryanarayanan model over-predicted leakage
rates.

(a) Model Comparison

(b) Percent Difference Comparison

Figure 4.2: Comparison of (a) simulation leakage rates and (b) percent difference for water compared to the Suryanarayanan Model for the smooth
N6 seal.
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(a) Model Comparison

(b) Percent Difference Comparison

Figure 4.3: Comparison of (a) simulation leakage rates and (b) percent
difference for water compared the Suryanarayanan Model for the smooth
N8 seal.

Flow Visualization and Line Analysis

The N6 seal velocity contours are investigated to understand how the water is moving through the seal. These visualizations will help guide where and what kind of
geometry is added to the custom geometry seals. The entrance and first two teeth
for inlet pressures of 30, 50, and 100 are presented in Figure 4.4. For reference, the
flow direction moves from left to right.
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(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 4.4: Flow visualization of entrance and first two teeth at inlet
pressures of (a) 30 psia, (b) 50 psia, and (c) 100 psia (c) of the N6 seal.
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Overall, the contour profile of each entrance does not change depending on the pressure. This in part is due to the incompressible nature of the working fluid not having
any density changes to alter the speed of the fluid to follow mass continuity. Low
velocity or stagnate fluid is present within the chambers of the seal at the corners
and the center. The flow swirls clockwise within the chamber. The clearance section
between the shaft and tooth create a region of accelerated fluid. These geometry acts
in part similar to a orifices. This accelerated jet is consistent and somewhat constant
along the clearance region of the seal. With an increase in pitch the fluid may have
more room to fully decelerate though this is not investigated. Additionally, the sharp
edge tooth does not allow the flow to fully expand into the chamber. Zabriskie [21]
and Suryanarayanan [17] both note the importance of the tooth pitch in leakage reduction. The last tooth and seal exit for the same conditions as presented in Figure
4.4 are presented in Figure 4.5. Again there is very minimal change between each
inlet pressure. One difference is the shape of the contour leaving the final tooth. The
jet width leaving the tooth decreases with a larger inlet pressure. Additionally, in the
chambers, there is less movement towards the corners.
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(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 4.5: Flow visualization of last tooth and exit at inlet pressures of
(a) 30 psia, (b) 50 psia, (c) and 100 psia (c) of the N6 seal.
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Line Analysis

The same inlet pressures are selected to look at the velocity and pressure distributions
within a line centered through the clearance region of the seal. The line is highlighted
in blue in Figure 4.6

Figure 4.6: Highlighted location of the line used to investigate property
values within the seals.

Other properties such as temperature and density are omitted as no fluctuations
are present within an incompressible fluid such as water. Figures 4.7, 4.8 and 4.9
presents plots of both velocity and pressure along the clearance line. A total of 1000
data points are taken along the clearance line in order recreate the variations along
the seal with the best accuracy. Velocity spikes are present before each tooth and
decreases as it moves within the chamber. Maximum velocities are mostly constant
after the first tooth, which is expected from mass continuity. The spike reoccurs as
it reaches the next tooth. The pressure steadily decreases over the length of the seal
until reaching atmospheric pressure, presented as 14.7 psia. A small pressure recovery
is experienced after the tooth. For the N4 seal, the first tooth takes half of the pressure
drop at 100 psia. The N6 and N8 seal first tooth pressure drops still are high by the
remaining pressure drops are split evenly across the seal. The first tooth pressure drop
also increases with an increase in inlet pressure. The pressure drop is uniform across
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the seals after the first tooth as dictated by the velocity. Accompanying Reynolds
Numbers are listed within the figure caption and calculated using Equation (3.3).

(a) Velocity

(b) Pressure

Figure 4.7: Line analysis results of (a) velcoity and (b) pressure for smooth
water on the N4 seal. Reynolds Numbers of 7090, 11 000, and 17 400.

Velocities are highest in the N4 seal with a peak of roughly 70 ft s−1 and lowest in
the N8 seal, with a peak of roughly 50 ft s−1 . This is due to the lower mass flow rates
experienced from the N8 seal compared to the N4 seal. Some velocity fluctuations
are present downstream due to fluid swirling in the region from the high velocity jet.
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(a) Velocity

(b) Pressure

Figure 4.8: Line analysis results of (a) velocity and (b) pressure for smooth
water on the N6 seal. Reynolds Numbers of 5890, 9170, and 14 600.
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(a) Velocity

(b) Pressure

Figure 4.9: Line analysis results of (a) velocity and (b) pressure for smooth
water on the N8 seal. Reynolds Numbers of 5120, 8010, and 12 800.

4.1.2

Compressible Simulations

Smooth Simulations Results

The compressible seals simulations were conducted after the incompressible model.
Additional complexity is introduced with density variation within the flow. Reynolds
Numbers and pressure ratios are presented in Table 4.6 for all tested inlet pressures
for all seals using air. Tables 4.7, 4.8, and 4.9 present tabulated leakage rate results
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Table 4.6: Pressure ratio and Reynolds Numbers for the N4, N6, and N8
seal for all inlet pressures using water.
Pressure

Pressure Ratio

psia
30
35
40
45
50
55
60
75
100

2.04
2.38
2.72
3.06
3.40
3.74
4.08
5.10
6.80

Reynolds Number
N4
N6
N8
8263 13794 12268
11072 16527 14839
13896 19310 17303
16730 21911 19660
19569 24182 22068
22408 26864 24400
25262 29419 26676
33850 36947 33830
48207 49758 44841

of the air simulations results compared to Equation (2.3) and the Suryanarayanan
model for each seal.
The N4 seal did not match with both Equation (2.3) and the Suryanarayanan model
for low pressures but as the pressure increased the correlation improved from 50 %
to 10 %. The Suryanarayanan model and Equation (2.3) did match one another
relatively well initial with a difference of 5 % before diverging with a difference of
20 % at higher pressures for the N4 seal. The geometry of the seal used is outside
the Suryanarayanan model constraints on tooth clearance to pitch ratio with a value
of 0.042. The model maxiumum indicated is 0.0375. Suryanarayanan noted that the
model was created around low tooth clearance to pitch ratios and high error values
would be realized when moving outside the set bounds. Ratios slightly above the
0.0375 value were seen to have error around 16 % which is consistent with what is
seen for the N6 and N8 seal. Various refinements were conducted on the N4 seal with
no improvement to leakage. Further air based simulations of the 4 tooth seal were
not conducted due to the poor correlation. Equation (2.3) matched the simulation
results within 4 % for both the N6 and N8 seals. The Suryanarayanan model was less
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accurate when using the compressible model as expected. The error ranged from 8 %
to 20 % for the two seals. Choked flow occurred within all seals at high enough inlet
pressures. Choked flow occurrences are noted by bold text in Tables 4.8 and 4.9 for
the simulated mass flow rate.
Table 4.7: Simulation results of the smooth N4 seal using air compared to
Equation (2.3) and the Suryanarayanan model.
Pressure
psia
30
35
40
45
50
55
60
75
100

Simulated
Flow Rate
lbm s−1
0.1630
0.2184
0.2741
0.3300
0.3860
0.4420
0.4983
0.6677
0.9509

Calculated
Flow Rate
lbm s−1
0.3120
0.3729
0.4309
0.4869
0.5416
0.5952
0.6480
0.8028
1.0532

Error
%
47.8
41.4
36.4
32.2
28.7
25.7
23.1
16.8
9.7

Suryanarayanan Model
Flow Rate
lbm s−1
0.3470
0.4233
0.4975
0.5704
0.6463
0.7144
0.7858
0.9992
1.3548

Error
%
53.0
48.4
44.9
42.1
40.3
38.1
36.6
33.2
29.8

Table 4.8: Simulation results of the smooth N6 seal using air compared to
Equation (2.3) and the Suryanarayanan model. Bold values indicate when
the simulation achieved choked flow at the final tooth.
Pressure
psia
30
35
40
45
50
55
60
75
100

Simulated
Flow Rate
lbm s−1
0.2721
0.3260
0.3809
0.4322
0.4770
0.5299
0.5803
0.7288
0.9767

Calculated
Flow Rate
lbm s−1
0.2752
0.3305
0.3833
0.4346
0.4848
0.5341
0.5828
0.7259
0.9584

Error
%
1.1
1.4
0.6
0.6
1.6
0.8
0.4
−0.4
−1.9
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Suryanarayanan Model
Flow Rate
lbm s−1
0.3073
0.3736
0.4436
0.5099
0.5756
0.6410
0.7062
0.9015
1.2276

Error
%
11.5
13.4
11.6
15.2
17.1
17.3
17.8
19.2
20.0

Table 4.9: Simulation results of the smooth N8 seal using air compared to
Equation (2.3) and the Suryanarayanan model. Bold values indicate when
the simulation achieved choked flow at the final tooth.
Pressure
psia
30
35
40
45
50
55
60
75
100

Simulated
Flow Rate
lbm s−1
0.2420
0.2927
0.3413
0.3878
0.4353
0.4813
0.5262
0.6673
0.8845

Calculated
Flow Rate
lbm s−1
0.2415
0.2908
0.3381
0.3840
0.4290
0.4733
0.5171
0.6462
0.8564

Error
%
−0.2
−0.6
−1.0
−1.0
−1.5
−1.7
−1.8
−3.3
−3.3

Suryanarayanan Model
Flow Rate
lbm s−1
0.2642
0.3246
0.3837
0.4420
0.4999
0.5576
0.6152
0.7880
1.0775

Error
%
8.4
9.8
11.1
12.3
12.9
13.7
14.5
15.3
17.9

The tabulated results are presented comparatively with corresponding percent differences in Figures 4.10, 4.11, and 4.12. The discrepancies between the models and
the simulation results for the N4 seal are much more apparent with a gradual convergence appearing as the inlet pressure reaches 100 psia with Equation (2.3). Again
leakage decreases with an increase in tooth count. The percent change from the N6
seal and N8 seal is roughly 10 % for 100 psia. The lower differences compared to the
incompressible seal may be attributed to the choke flow conditions experienced with
the seal. At an inlet pressure of 30 psia the difference between the N6 and N8 seal is
11 %. Additionally in Figure 4.10b the increase spread between the Suryanarayanan
model and Equation (2.3) is also more clearly defined.
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(a) Model Comparison

(b) Percent Difference Comparison

Figure 4.10: Comparison of (a) simulation results and (b) percent difference for air compared to Martin’s equation, Equation (2.3), and the
Suryanarayanan Model for the smooth N4 seal.
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(a) Model Comparison

(b) Percent Difference Comparison

Figure 4.11: Comparison of (a) simulation results and (b) percent difference for air compared to Martin’s equation, Equation (2.3), and the
Suryanarayanan Model for the smooth N6 seal.
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(a) Model Comparison

(b) Percent Difference Comparison

Figure 4.12: Comparison of (a) simulation results and (b) percent difference for air compared to Martin’s equation, Equation (2.3), and the
Suryanarayanan Model for the smooth N8 seal.

The Suryanarayanan model error increased as pressure inlet increased for both the
N6 and N8 seal as well. The growth is viewable in both Figures 4.11b and 4.12b,
respectively. The Suryanarayanan model gives somewhat accurate enough results
for compressible fluids initial sizing or development purposes. For more accurate
values it seems that Equation (2.3) is more suitable for compressible fluids. The
Suryanarayanan seems more apt for incompressible fluids.
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Flow Visualizations

Inlet pressures of 30, 50, and 100 psia are selected to look at the velocity distributions
through a contour plot. The entrance and first two teeth of the N6 seal are presented
in Figure 4.13. Velocities still increase with increasing pressure but less interaction
within the chambers occur. Slower velocity values are still present within the the
corners of the chambers. Additionally, jets are created again within the clearance
section between the shaft and tooth. These jets do not create sonic conditions within
the the first two teeth but the velocity does increase as the fluid moves through the
seal. Fluid is still swirling in a clockwise motion within the chamber. Sonic conditions
are present at the exit of the N6 seal for inlet pressures of 100 psia. The last tooth and
exit of the N6 seal are presented in Figure 4.14. More fluid interaction is occurring
in the final chamber of the seal with similar magnitude velocities present. The exit
velocity though the final tooth is at sonic conditions for pressures 50 psia and above.
In Figure 4.14c, a flow regime similar to Mach diamonds, or areas where shock waves
interact, are present and a maximum Mach Number of 2.0 is achieved while a Mach
Number of 1.0 is achieved in Figure 4.14b. These conditions were surprising to see.
The chamber to clearance to chamber pattern was though to be akin to a converging
nozzle where a maximum outlet Mach Number would be achieved. This will be
discussed further in Section 4.1.3.
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(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 4.13: Flow visualization of entrance and first two teeth at inlet
pressures of (a) 30 psia, (b) 50 psia, and (c) 100 psia of the N6 seal.
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(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 4.14: Flow visualization of last tooth and exit at inlet pressures of
(a) 30 psia, (b) 50 psia, and (c) 100 psia of the N6 seal.
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Line Analysis

As before, a line is taken down the center of the clearance area of the N6 and N8 seal
and investigated. Again, 1000 data points are taken along the clearance line. The
properties investigated are temperature, velocity, and pressure and are presented in
Figures 4.15 and 4.16. The start of each sealing tooth is indicated by a dashed vertical
line. In Figure 4.15c and 4.16c the absolute pressure is shown. Compression of air
is viewable in Figures 4.15a and 4.15b for the N6 seal and Figures 4.16a and 4.16b.
Large temperature variations are present indicating a decreasing speed of sound by
following Equation (2.15) presented in Section 2.5.2. This effect coupled with high
exit velocities from the final tooth result in high Mach Numbers. Peaks of roughly 0.7,
1, and 2.0 for the N6 seal and peaks of roughly 0.6, 1, and 1.9 for the N8 seal. Pressure
ratios of 0.500 for 50 psia and 0.235 for 100 psia are seen in the last chamber to exit
area on the seal for the N6 seal. The N8 seal has pressure ratios of 0.420 and 0.194 for
50 psia and 100 psia, respectively. As discussed previously, Vermes mentions that sonic
conditions may be achieved after the final tooth [18] and despite the Martin equation,
Equation (2.3), only being valid for subsonic flows, the equation is still valid in this
instance. Vermes does not go on to any further discussion on the topic. Additionally,
despite these considerations, the leakage rate is the primary investigation for this
study. Choked flow, calculated using Equation (2.21) is equal to 0.5002 lbm s−1 and
1.004 lbm s−1 for 50 psia and 100 psia, respectively. This equates to roughly a 10 %
difference between the simulated values. The difference in leakage overall is not
surprising as Equation (2.21) is developed for a one-dimensional, isentropic flow with
no heat, work, or friction present. This assumptions do not directly match the flow
present in the simulations.
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(a)

(b)

(c)

Figure 4.15: Line analysis results of (a) temperature, (b) velocity and (c)
pressure for air on the smooth N6 seal. Reynolds Numbers of 13 800,
24 200, and 49 800.
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(a) Temperature

(b) Velocity

(c) Pressure

Figure 4.16: Line analysis results of (a) temperature, (b) velocity, and
(c) pressure for air on the smooth N8 seal. Reynolds Numbers of 12 300,
22 100, and 44 800.
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Large variations are present within the figures for inlet pressures of 100 psia. These
variations carry on for about a half inch past the exit of the final tooth. In this
section velocity can vary by roughly 400 ft s−1 . The velocity and temperature curves
overlap for inlet pressures of 50 psia, and 100 psia up until the final tooth. The shares
similarities to flow through a nozzle in which upstream property ratios are identical
until the nozzle section where a branch can be subsonic, or supersonic. In this instance
the seal is the upstream portion, and the downstream portion is dependent upon the
pressure ratio. Further discussion on the validity is again discussed in Section 4.1.3.

4.1.3

Supersonic Investigation

The presence of supersonic flow is surprising. Although common assumptions for
converging nozzles are that the flow is one-dimensional and isentropic, this is not the
case in these simulations. To ensure the validity of the simulation this section will
investigate viscous model solver validity, material property validity, and lastly, that
leakage rates are consistent with choked flow conditions.

Viscous Model Effects

The viscous model was checked to ensure that no flow changes were occurring due to
the model. An inviscid solution was ran to determine this and a contour plot of a
100 psia inlet pressure is presented in Figure 4.17. Similar flow patterns are present
as with the viscous model. In the inviscid solution, the Mach Numbers are higher
and the Mach diamonds progress for much longer. This expected due to the absence
of viscosity inducing loses within the system. Further studies have shown that the
Mach diamond pattern is presented within underexpanded jets [29, 30].
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Figure 4.17: Inviscid solution results for the N6 seal for air with an inlet
pressure of 100 psia.
Fluid Properties

Another area to investigate was the assumptions for the fluid properties, specifically
the specific heats ratio. Moran et al. notes that for monatomic gases the isobaric
specific heat is constant over a wide range of temperatures and is nearly equal to
(5/2) of the specific gas constant [31]. Moran et al. gives tables for isobaric specific
heat although the lowest temperature given is 420 R. At this temperature the specific
heat ratio is still equal to 1.4. Moran et al. also presents an equation to determine
isobaric specific heat but the temperatures encountered within this study are outside
of the temperature bounds for the equation. Overall it is common to treat specific
heats constant for a wide range of temperatures.

Choked Flow

As stated previous, the main focus in this study is the reduction of leakage rates
through the labyrinth seal. The leakage rates are expected to be choked once a Mach
Number of 1 is achieved within the clearance region and were investigated to ensure
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(a) Final Chamber Pressure

(b) Pressure Ratio

Figure 4.18: Leakage rate changes compared to (a) final chamber pressure
and (b) pressure ratio.
this phenomenon is occuring. With validation of choked flow rates, the simulation
mass flow rate results will be valid despite downstream conditions.
It is expected that the leakage rate is non-linear initially. Upon reaching the choking
point, the leakage rates should be linear with respect to stagnation pressure. The
linear relation follows suit with Equation (2.20). Figure 4.18 presents leakage rate
against the pressure ratio and pressure in the final chamber. Pressure ratio is defined
using the final chamber pressure, Pc normalized using the outlet pressure, which is
atmospheric, Patm . In typical nozzle application, the upstream stagnation pressures
are not changed, but rather the back pressure lowered. In order to account for the
changing inlet pressure and the fact that no true stagnation point exists within the
seal, a pressure value was taken from the center of the final chamber where the fluid
velocity is near, or at zero. This pressure reading is used similar to a stagnation
pressure by looking only at the final chamber, tooth, and exit region. A vertical
line is included at a pressure ratio of 1/0.528, or 1.89, to indicate where choked flow
would traditionally occur in a converging-diverging nozzle with the assumptions of
one-dimensional isentropic flow. Inlet pressures ranging from 15 psia to 75 psia were
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Figure 4.19: Normalized mass flow rate using Equation (2.20) against pressure ratio.
used to create a more complete curve. These inlet pressures correspond to pressure
ratios of nearly 1 to 2.42. The flow rate is initially non-linear until a final chamber
pressure of about 22 psia, which corresponds to an inlet pressure of 45 psia. This is
equivalent to a pressure ratio of 1.52. After the 22 psia chamber pressure, the leakage
rate is linear with respect to final chamber pressure. The leakage rate is choked and
therefore correct according to theory regardless of flow conditions downstream of the
final tooth. An additional comparison of pressure ratio and normalized mass flow
rate is presented in Figure 4.19. Leakage rate is normalized using the choked flow
equation presented in Equation (2.20). As before, a vertical line is included at 1.89 to
denote the location of where choked flow traditionally occurs in a converging-diverging
nozzle as stated previously. The expected trend is a mirror image of Figure 2.7. The
normalized leakage in this instance maxes at roughly 1.1. The expected result would
be for a max normalized value of 1. This result is not surprising as the seal does not
meet the one-dimensional isentropic flow that Equation (2.20) assumes.
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4.2

Rough Seal Simulation

Each simulated seal was given a roughness value to each face to simulate the additive
manufacturing process. The walls in the ANSYS FLUENT model were split into
individual components based on angles using the separate feature. Each wall was
then given the corresponding roughness value associated with the build orientation as
discussed in Section 2.4.1. The wall simulating the shaft was left with no roughness
as surface defects on shafts can cause excess wear and have an effect on fatigue
properties. The smooth surface also indicates a more realistic situation. Roughness
was simulated with both water and air.

4.2.1

Incompressible Simulations

The results for the rough seal are similar in shape to their respective smooth seal
case. Small changes in velocity are present within each seal compared to their smooth
counterpart. These decreases are only on an average of 1 to 2 ft s−1 .
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(a) Velocity

(b) Pressure

Figure 4.20: Line analysis results of (a) velocity and (b) pressure and for
water on the rough N4 seal.
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(a) Velocity

(b) Pressure

Figure 4.21: Line analysis results of (a) velocity and (b) pressure for water
on the rough N6 seal.
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(a) Velocity

(b) Pressure

Figure 4.22: Line analysis results of (a) velocity and (b) pressure for water
on the rough N8 seal.

4.2.2

Compressible Simulations

As before with the water simulations, the changes in shape between the two variations
are very low. The changes between temperature and pressure are minimal. The
velocity changes are much higher than in the water simulation. These velocity changes
are on the range of 20 ft s−1 to 200 ft s−1 . Sonic conditions are still achieved in the N6
and N8 seal at 50 psia and 55 psia. Supersonic flow occurs in the N6 and N8 seal at
inlet pressures above 50 psia and 55 psia, respectively.
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(a)

(b)

(c)

Figure 4.23: Line analysis results of (a) temperature, (b) velocity, and (c)
pressure for air on the rough N6 seal.
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(a) Temperature

(b) Velocity

(c) Pressure

Figure 4.24: Line analysis results of (a) temperature, (b) velocity, and (c)
pressure for air on the rough N8 seal.
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4.3

Comparison of Rough and Smooth Seals

A main focus of this study is to look at reductions, or lack there of, in leakage rates
for seals made with additive manufacturing for both roughness and geometry. One
method is to take a traditionally machined seal and compare an additively manufactured version. It is expected for roughness to decrease the leakage rate in a seal, but
the amount has not been quantified. At the worst case scenario a seal can be look at
as one pipe, the seal, around another pipe, a shaft. The area of interest is the region
between these two pipes. Referring back to the Extended Bernoulli Equation, Equation (2.8), the head loss in a pipe will be reduced with the introduction of friction as
the major head loss term, Equation (2.9), is now taken into account.

4.3.1

Water Comparison

Comparisons between leakage rates and corresponding percent leakage reduction for
the N4, N6, and N8 seal are presented in Figures 4.25, 4.26, and 4.27, respectively.
Overall, adding the surface roughness in to the model decreased the leakage rates.
For the N4 seal, leakage rates decreased increasingly with respect to inlet pressure
and appear to be trending towards an asymptote of 2 %
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(a)

(b)

Figure 4.25: (a) Rough versus smooth seal leakage rates and (b) percent
difference for N4 seal with water.

The N6 and N8 seals decreases are not as smooth as the N4 seal.

More stair

step shapes appear with short spans of linearly increasing trends mixed with short
plateaus. An asymptotic trend is not as easily discernible within Figures 4.26b and
4.27b.
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(a)

(b)

Figure 4.26: (a) Rough versus smooth seal leakage rates and (b) percent
difference for N6 seal with water.
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(a)

(b)

Figure 4.27: (a) Rough versus smooth seal leakage rates and (b) percent
difference for N8 seal with water.

4.3.2

Air Comparison

The comparisons between the N6 and N8 seal, Figures 4.28 and 4.29, respectively,
for air yielded more interesting results. The general trend of increasing leakage rate
decreases with an increase of inlet pressure is still present but spikes in leakage reduction is present for both seals. Spikes in leakage reduction occur at 55 psia for the
N8 seal and remain at roughly 3 %.
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(a)

(b)

Figure 4.28: (a) Rough versus smooth seal leakage rates and (b) percent
difference for N6 seal with air.
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(a)

(b)

Figure 4.29: (a) Rough versus smooth seal leakage rates and (b) percent
difference for N8 seal with air.

The spikes in leakage reduction may be related to choked flow within the final tooth as
the spikes appear at the same time choked flow occurs. Both velocity and density vary
with the inlet pressure while the seal area remains constant among all simulations.
Density is affected by both pressure and temperature of the seal which varies across
the seal and shown in previous figures. Figure 4.30 presents the density of the N6
and N8 seals.
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(a)

(b)

Figure 4.30: Density variations across the clearance line through the (a)
smooth N6 and (b) smooth N8 seals.

Density varies within the seals by up to one fourth the original value. The change in
density follows a general downward trend to both seals until a drop in the final seal to
the atmospheric value. The density is mostly constant after leaving the seal despite
temperature changes still occurring along the line as viewed in Figures 4.15a and
4.16a. Oscillations are present for the density curve for the 100 psia inlet pressure.
Overall, the largest change to mass flow rate out of the seal is the velocity of the fluid.
This is the case for both the incompressible and compressible fluid.
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Chapter 5
DESIGN OF ADDITIVE MANUFACTURED SEALS

5.1

Seal Design

The design of the AM seals were combined such that both geometry needed to reduce
leakage for both fluids. The general geometry of the seals will remain constant through
this process, in other words, tooth shape will remain a general square tooth and
dimensions outline in Table 3.1 will be constant. The majority of the design decisions
were based on the flow visualizations and line analysis done in Sections 4.1.1, and
4.1.2. The N6 seal will be the only seal modified to an additively manufactured
version.

5.1.1

Water Seal

The major design aspects around this seal are to reduce the entering and swirling
velocities within the chambers. From the line analysis in Figure 4.8, velocities rise
and continue to stay high with small drops along to clearance line. Further flow
analysis is conducted to understand further what is happening within the chambers.
This action was present for all inlet pressures tested and analyzed. This seal will
primarily take a look at slowing fluid down within the chambers to decrease leakage.

Flow Visualization Extended

The chamber of the seals is now being investigated and line drawn vertically through
the chamber, called the chamber line going forward, is presented in Figure 5.1 for
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reference. The chamber line is drawn through the center of the chamber. The line
analysis conducted previously looked along the clearance line of the seal. The speed
of the fluid along the clearance line is affected in part by the fluid flow in the seal.

Figure 5.1: Highlighted location of chamber line in both the first and last
tooth.

Adding velocity contour vectors along the chamber line give insight on how the fluid
is moving throughout the chamber. The results for the 30 psia and 100 psia are
presented in Figures 5.2, and 5.3, respectively. At an inlet pressure of 30 psia the
velocity throughout the chambers stay relatively constant. A 1 ft s−1 difference is
noted between the first and final chamber for the 30 psia while the 100 psia experiences
a 4 ft s−1 decrease. Fluid movement is static, or moving slowly in the center of the
chamber with increasing speed outward. Swirling is apparent with the given direction
of the velocity vectors. Decreases in swirling speed can also be noted with small
decreases in vector lengths from the first to final seal.
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(a) First Chamber

(b) Final Chamber

Figure 5.2: (a) First and (b) final chamber velocity vectors at inlet pressure
of 30 psi for the N6 seal.

(a) First Chamber

(b) Final Chamber

Figure 5.3: (a) First and (b) final chamber velocity vectors at inlet pressure
of 100 psi for the N6 seal.

A progression through the chambers for both 30 psia and 100 psia were also taken
and is presented in Figure 5.4. The third, fourth, and fifth chamber are highlighted
to visually determine how the flow is being affected by the use of contours. Actual
velocity speeds are not included as the general shape is the primary investigation.
Here, dark blue colors are slower velocities with yellows being faster velocities.
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(a) 30 psi

(b) 100 psi

Figure 5.4: Chamber progression for the N6 seal with both (a) 30 psia and
(b) 100 psia inlet pressures.

Little to no change occurs within the chambers. This is expected based on the results
from both Figures 5.2 and 5.3. The velocity within the middle chambers of the 30 psia
has a “tadpole” like look with a slow moving velocity tail moving from the center to
the next tooth. The 100 psia chambers do not have this look indicating a faster swirl.
Additionally the 100 psia utilizes more of the chamber than the 30 psia. A region just
after the tooth is also blue indicating slow to static fluid. This regions appearance is
likely due fluid separation from the tooth and the tooth not allowing the fluid expand
fully into the cavity. Tooth geometry as discussed in Section 2.2.1 is a driving factor in
allowing the flow to expand into the chamber and achieve the desired slowing effects.
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Seal Design

The remainder of the design will take advantage of ideas used in pipe flow analysis
for incompressible fluids. The major head losses are primarily driven by friction
while minor head losses are driven by geometric constraints. The minor losses are
determined experimentally and indicated using the term, K, as noted previously in
Section 2.5.1. While not directly made for labyrinth seal, the general notion of how
this minor losses occur will be helpful in determining better geometric additions into
the seals.
Fox and McDonald’s Introduction to Fluid Mechanics offers two key figures on minor
head losses [11]. The first of the two is presented in Figure 5.5. This figure depicts
the entrance type and corresponding loss associated with it.

Figure 5.5: Pipe entrance types and loss coefficients for incompressible
fluids [11].

The seal currently has inlets akin to the square edged system. Creating a slight
reentrant zone can possible help slow fluid flow down further, though this is not
investigated due to a simulated change in tooth width. Additionally, a key point
here is to not round the corners as it helps reduce the loss coefficient. The second
figure is presented in Figure 5.6. This figure presents information regarding sudden
expansions and contractions for a specified area ratio.

94

Figure 5.6: Loss coefficient information for sudden contractions and expansions for a given area ratio [11].

The left side of the figure pertains to contraction with area ratio being AR = A2 /A1 .
In this case, A2 would be the clearance area and A1 would be the chamber area. The
clearance area is much greater than the clearance area giving an area ratio near 0.
The loss associated to this is near its maximum value. A similar occurrence is met
with the expansion side on the right. The area ratio changes to AR = A1 /A2 , but in
this instance A1 is now the clearance area and A2 is now the chamber area. An area
ratio near 0 is still observed with the maximum loss occurring.
Further geometry to be added include several baffles, called chamber bars, on the
walls of the chamber in order to slow down the fluid during the swirl. The corners
will be cut down in order to remove the stagnant fluid region.

5.1.2

Air Seal

The major design aspect around this seal is to also reduce velocities entering and exit
the chambers but to additionally reduce to the exit speeds of the seal. Velocity profiles
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across the clearance line are presented previously in Figure 4.15 give an indication of
areas for improvement. Similar to the water seal, the chamber flow properties directly
affect the speeds at which the fluid leaves the chamber.

Flow Visualization Extended

Again the chamber line is investigated. Figure 5.7 presents the first and final chamber
velocity contour vectors for an inlet pressure of 30 psia. The general color distribution
for both the contour vectors are nearly identical. Faster moving fluid, noted in red,
is towards the top near the clearance region. Slower moving fluid is in the center
with medium speed fluid between the fast moving region, and the chamber bottom
wall. Unlike the water seals, an increase in velocity is present. An increase of roughly
170 ft s−1 is observed. Swirling speeds also increase as depicted by the vector lengths.
Figure 5.8 presents the velocity vector analysis for an inlet pressure of 100 psia. Again,
the overall color distribution is similar. A larger velocity difference, roughly 250 ft s−1
is present between the first and final chamber. This is expected with the larger inlet
pressure and previous line analysis.

(a) First Chamber

(b) Final Chamber

Figure 5.7: (a) First and (b) final chamber velocity vectors at inlet pressure
of 30 psi for the N6 seal.
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(a) First Chamber

(b) Final Chamber

Figure 5.8: (a) First and (b) final chamber velocity vectors at inlet pressure
of 100 psi for the N6 seal.

The chamber progression for air is presented in Figure 5.9. The large change in first
to final chamber velocities make the progression more valuable to analyzed than it
was in the water seal. Again dark blues indicate slower moving fluid while lighter
blues indicate faster moving fluid. Figure 5.9b is slightly skewed in the fact that much
much higher velocities are present downstream resulting in this area appearing to be
moving slower. Regardless, the main focus is the shape of the contours through the
third, fourth, and fifth chamber.
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(a) 30 psi

(b) 100 psi

Figure 5.9: Chamber progression for the N6 seal with both (a) 30 psia and
(b) 100 psia inlet pressures.

More fluid interaction is present within these chambers with an obvious increase in
chamber fluid velocity from the third to fifth chamber. An apparent swirl appears
that results in less interaction from the fluid directly in the center of the chamber and
the fluid along the walls. In Figure 5.9b the jet from the previous tooth spans the
entire chamber further allowing the continual velocity increase between chambers.

Seal Design

The remaining design of the seal will focus on the lowering velocities experienced
within the seal. One method of slowing the fluid will be adding a baffle, or chamber
bar, along the front wall of the chamber to decrease swirl velocity. Walls on the
opposing face would potentially interfere with the start of the swirling action and
prevent the use of the full chamber. Chamber bars are still investigated on the
bottom and right hand wall of the chamber. Other geometry considerations include
creating miniature chambers within the tooth profiles.
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5.2

5.2.1

Seal Geometry Testing

Geometry Selection

Several geometries that would be better achieved using additive manufacturing were
tested. The geometry additions are primarily focused on slowing fluid down within
the chamber. The general square tooth shape will not be changed to give better
understanding later to the standard seal simulation results. Chamber depth will not
be varied as Gamal noted that decreasing the chamber had no effect on leakage [22].
The seal geometry still follows the values listed in Table 3.1. The control geometry
is presented in Figure 5.10.

Figure 5.10: Control Geometry with previously defined dimensions but
containing only three teeth.

The tested geometries are presented in Figures 5.11 through 5.17 and are named
Geometry 1 through 7, respectively. A description of the seal geometry is provided
in the respective figure’s caption.
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Figure 5.11: Geometry 1 contains a passage at the bottom of the second
tooth to simulate a hole added during manufacturing. The hole diameter
is 1.25 mm and is located 1.25 mm above the bottom of the chamber.

Figure 5.12: Geometry 2 contains a vertical chamber bar placed within
the center of the chamber. The chamber bar measures 1 mm wide and
3 mm long.

Figure 5.13: Geometry 3 contains a horizontal chamber bar placed in the
center of the left hand wall. The chamber bar measures 1 mm wide and
3 mm long.
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Figure 5.14: Geometry 4 contains a horizontal chamber bar placed in the
center of the right hand wall. The chamber bar measures 1 mm wide and
3 mm long.

Figure 5.15: Geometry 5 adds a sloped hole through a tooth connecting
two chambers. The hole measures 1 mm in diameter. The hole starts 2 mm
below the top of tooth and ends 2 mm above the bottom of the chamber.

Figure 5.16: Geometry 6 closes the chamber size by bringing in the bottom
of the chamber to create a chamfer. The chamfers start at the midpoint
of the chamber walls and slope inward at an angle of 30°.
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Figure 5.17: Geometry 7 introduces “mini-chambers” at the center of the
tooth. The cavity introduced is 1 mm in width and 4 mm in depth.

Figure 5.18: Geometry 8 introduces a chamfer to the backside of the tooth.
Previous literature reported mixed results on the performance of the tooth
bevel. In this geometry, the tooth is beveled at 30°.

5.2.2

Simulation Setup

The simulation followed set up principles as described in Chapter 3. The only difference is that a lower resolution mesh is used in the comparative study. The mesh is
unstructured and has an element size of 0.2 mm This is to more quickly test a wider
range of geometries. Inlet pressures of 30 psia and 100 psia were tested only. These
pressures were selected to view effects at low and high pressures for water and to see
compressibility effects for air.
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5.2.3

Simulation Results

The resulting percent decrease in leakage for each geometry compared to the Control
Geometry are given in Table 5.1. Values presented in Table 5.1 can be interpreted that
positive values are a decrease in leakage rates while negative values are an increase
in leakage rates.
Table 5.1: Percent reduction of leakage for additive geometries compared
to a control seal. A positive value denotes an decrease in leakage while a
negative values denotes an increase in leakage.
Geometry
No.
Control
1
2
3
4
5
6
7
8

Air
%
30 psi 100 psi
0.00
0.00
-4.80
-3.81
2.36
2.57
2.27
2.52
2.01
2.10
0.43
-3.70
-0.40
-0.57
1.87
2.11
0.23
-1.39

Water
%
30 psi 100 psi
0.00
0.00
-3.80
-4.18
2.82
3.50
2.44
3.46
2.48
3.14
-5.40
-4.37
-0.38
-0.59
2.07
2.45
5.26
6.17

Geometries 2, 3, 4, and 7 decreased leakage on a range of 1.87 % to 3.5 %. Geometry
2 gave the best reduction in leakage for both air and water seals although Geometry
3 offered very similar performances. For air this difference is roughly 0.1 % at lower
pressures to 0.05 for higher pressures. Water saw a similar difference at 0.4 % at
low pressures and 0.04 % at higher pressures. Geometry 7 was less effective at lower
pressures than other geometries but as effective as Geometry 4 at high pressures for
air. It did not perform better than other geometries for water. Geometry 5 had
minor decreases for air at 30 psia but increased leakage at higher pressures and was
the worst performer for water. Geometry 1 had the second worst performance for
water and the worst performance for air. The lower hole in Geometry 1 resulted in
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the two chambers equalizing in pressure. Figure 5.19 presents the pressure contour
plot for air at 30 psia.

Figure 5.19: Pressure contour plot of Geometry 1 for air at 30 psia.

The pressure equalization results in an ineffective tooth with no pressure drop occurring. Different hole sizes may change this as with Geometry 5 pressures did not
equalize between the two chambers. Geometry 6 had small increases to leakage under
0.6 %.
Geometry 8 is not necessarily an additive manufacturing geometry, but serves to
show what normal geometry changes that can be done with traditional manufacturing methods. This geometry was shown to yield decreases in leakage by at least 5 %
for the incompressible seal but increased leakage by just under 1.5 % for the compressible seal. Gamal noted mixed results when back beveling seals during his testing [22].
The back beveling allows for further expansion of the fluid into the chamber for the
incompressible model but creates a simulated diverging nozzle for the compressible
model at high pressures. Figure 5.20 presents the velocity contours of the incompressible and compressible model for an inlet pressure of 100 psia. Better expansion
in the incompressible fluid is achieved but separation still occurs. Decreasing the
back bevel angle may allow separation to occur later, if at all, but an investigation
against whether roughness or separation results in more losses in the system would
be needed. In the compressible fluid the large spike in velocity is present right at the
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end of the final tooth, similar to a converging-diverging nozzle. This area correlates
to a Mach Number of over 2.

(a) Incompressible Seal

(b) Compressible Seal

Figure 5.20: (a) Incompressible and (b) compressible seal velocities at an
inlet pressure of 100 psia.

The location of chamber bars for Geometries 2, 3, and 4 were also investigated. The
chamber bars were moved higher and lower, in the case for Geometry 3 and 4 or left
and right in the case of Geometry 2. The geometries are presented in Figures 5.21 to
5.26. The seals are denoted by first the location of the chamber, left, right or bottom
and then the location relative on the wall, high or low. In the case of the bottom
chambers, left or right.
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Figure 5.21: Three tooth seal with right-high (R-H) chamber bars.

Figure 5.22: Three tooth seal with right-low (R-L) chamber bars.

Figure 5.23: Three tooth seal with left-high (L-H) chamber bars.

Figure 5.24: Three tooth seal with left-low (L-L) chamber bars.
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Figure 5.25: Three tooth seal with bottom-left (B-L) chamber bars.

Figure 5.26: Three tooth seal with bottom-right (B-R) chamber bars.

The resulting decrease in leakage from the original result in Table 5.1 is presented in
Table 5.2. Geometry 2, 3, and 4 are considered the new control geometries and are
denoted within the table before the respective changes. As before, a negative value
represents an increase in leakage while a positive value indicates a decrease in leakage.
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Table 5.2: Further leakage reduction by modifying chamber bar location
along the wall. Leakage rates are compared to the geometry location denoted in Geometries 2, 3, and 4 which are given as new control geometries.
Geometry
ID
G2
B-L
B-R
G3
L-H
L-L
G4
R-H
R-L

Air
%
30 psi 100 psi
0.00
0.00
-0.88
-0.97
-0.47
-0.47
0.00
0.00
-0.71
-0.74
-0.62
-0.83
0.00
0.00
-0.03
0.10
-0.15
-0.30

Water
%
30 psi 100 psi
0.00
0.00
-1.13
-1.33
-0.44
-0.54
0.00
0.00
-0.69
-0.97
-0.45
-0.98
0.00
0.00
0.16
0.12
-0.15
-0.43

The changes to chamber bar locations primarily did not decrease leakage rates but
instead increased them. The right-high geometry, depicted in Figure 5.21, was the
only geometry to reduce the leakage rates further. There was a small increase in
leakage at the 30 psia but increases of around 0.10 % or higher for the high pressure
air and both pressures of water. A comparison of velocity contours for both Geometry
4 and the R-H is presented in Figure 5.27.
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(a) Geometry 4

(b) R-H

Figure 5.27: Velocity contour comparison of (a) Geometry 4 and (b) R-H.

The decrease in leakage rate by moving the chamber bar higher in the chamber is
theorized to act similar to angling of the tooth. Literature points to angling teeth to
improve leakage rates [21]. This is not an exact replication which may give a slight
decrease in leakage that are not fully realized.

5.2.4

Finalized Geometry

The finalized geometry is a combination of Geometry 2 and Geometry 7. Both geometries offered leakage reductions. Geometry 2 gave the best reduction in leakage
of all geometries tested. Geometry 7 also gave leakage reductions as well, though
not as high as Geometry 2. Consideration for combining Geometry 2, 3, and 4 was
considered but the combined effects on fluid flow within the chamber was not tested.
Figure 5.28 presents the final geometry indicating two teeth and a chamber. This
model will be meshed with a finer grid and simulated in Chapter 6.
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Figure 5.28: Finalized additive manufacturing geometry for tooth and
chamber by combining Geometry 2 and 7.
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Chapter 6
SIMULATIONS OF ADDITIVE MANUFACTURED SEALS

The simulation of the AM seal is conducted and analyzed. Leakage rates and reductions will be compared to smooth and rough seals. The AM geometry was develop
from low quality mesh simulation to determine the best geometry to use in the final
seal. Properties values will be analyzed along a line through the clearance region of
the seal and provided in plots. Contour diagrams showing flow visualization will also
be conducted to understand the full affects of the AM geometry on the fluid flow
within the seal.

6.1

Meshing

Due to the introduction of more complex geometry, the mesh was moved from a
structured mesh to a unstructured mesh. The unstructured mesh varies from the
structured mesh in that elements are not square and aligned with the geometry. The
ANSYS meshing block was used to create this mesh. An element sizes of 0.50 mm to
0.10 mm were selected to conduct mesh sizes for a grid independence. The mesh was
selected to be made with primarily quadrilaterals. The grid independence is presented
in Figure 6.1.

111

Figure 6.1: Grid independence study for the AM seal with an unstructured
mesh.

The minimum element size needs to be 143 573 nodes or more for a percent difference
of 0.32 % or 320 625 or more for a difference of 0.04 %. An element size of 0.1 mm was
selected to continue the analysis. Computational time to conduct each simulation
was similar for element sizes of 0.15 mm to 0.10 mm. Thus an element size of 0.1 mm
with a node count of 320 625 was selected. This size yields the most accurate results
with the meshes tested with minor sacrifices in computation time. The final mesh of
a single tooth is presented in Figure 6.2.

Figure 6.2: Final unstructured mesh of the AM seal using an element size
of 0.1 mm.
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6.2

Simulation Set Up

The simulation set up is identical to those presented in Section 3.3 except for the
roughness settings. Information for equivalent sand grain roughness angles of 0°, and
90° are given in Table 2.4. To get a better representation of the surface roughness
printing a test component and measuring the roughness of each individual surface
would yield better results. This and other improvements are discussed in further
detail in Section 8.2.

6.3

Simulation Results

6.3.1

Additively Manufactured Seal - Incompressible Fluid

The results for the AM seal using water are presented in Table 6.1. Along with leakage
rates, comparison between the smooth and rough seal to the AM seal are listed.
Comparisons of the smooth to rough seal are listed as a reference to understand the
scale of improvement.
Table 6.1: Simulation results for the additively manufactured seal compared against smooth and rough standard seals using water. The smooth
and rough standard seal comparison is listed as reference.
Pressure
psia
30
35
40
45
50
55
60
75
100

AM Seal
lbm s−1
6.1606
7.1317
7.9890
8.7650
9.4789
10.1447
10.7694
12.4506
14.8438

Smooth vs. Rough
%
0.53
0.73
0.88
1.00
1.11
1.20
1.27
1.56
1.77
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Smooth vs. AM
%
5.34
5.75
6.06
6.32
6.53
6.72
6.88
7.40
7.87

Rough vs. AM
%
4.83
5.06
5.22
5.37
5.48
5.58
5.68
5.93
6.22

Improvements in leakage compared to the smooth seal improved with increasing inlet
pressure with a maximum improvement of almost 8 % at 100 psia. A minimum improvement of 5.34 % is realized at 30 psia as well. The leakage rates increase with an
increase in inlet pressure. An improvement of 4.83 % to 6.22 % of the AM seal compared to the rough seal are obtained. Leakage reduction appears to trend towards an
asymptote somewhere around 9 % reduction although this is not simulated further.
A visual comparison of each difference is presented in Figure 6.3.

Figure 6.3: Comparison of smooth versus rough, smooth versus AM, and
rough versus AM seals for all tested inlet pressures using water as a working fluid.

The individual contributions of both geometry and roughness are more understood
visually. The smooth versus rough curve reiterates information simulated in previous
seals on the effects of roughness for the same geometry. The smooth versus AM curve
represents the leakage reduction based on both geometry and roughness. The rough
versus AM curve helps depict the effects solely contributed to geometry. Additional
roughness from the increase in surface area are not removed from the rough versus
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AM curve. This additional increase in surface area explains why the addition of the
smooth versus rough and the rough versus AM curves do not add exactly to values
depicted in the smooth versus AM curve, although they are relatively close.

6.3.2

Flow Visualization

A comprehensive flow visualization was conducted for the AM seal.
presents the inlet and first two chambers for 30, 50 and 100 psia.
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Figure 6.4

(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 6.4: Inlet section and first two chambers of the AM N6 seal using
water as a working fluid for inlet pressures (a) 30 psia, (b) 50 psia, and (c)
100 psia.

An initial high velocity jet enters the seal but then is slowed down by the second
tooth. There are two mixing zones now within the chamber as well. The primary
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zone, which is on the right side of the chamber bar is similar to what has been
viewed previously with a clockwise swirling fluid surrounding a stagnate fluid. The
fluid the enters the secondary zone to the left of the chamber bar where the fluid
motion is moving counter clockwise. In the transition between the two zones fluid,
the fluid moves towards the incoming jet theorized to aid in slowing the fluid into
the chamber. Figure 6.5 presents the final two chambers and exit region of the seal.
The same general shape of the fluid flow is occurring and is expected as there are
no changes occurring within the fluid itself. Fluid is stagnating within the “minichambers” within the seal teeth as expected but still contributing to lowering leakage
rates as expected from earlier tests.
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(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 6.5: Last two chambers and outlet section of the AM N6 seal using
water as a working fluid for inlet pressures (a) 30 psia, (b) 50 psia, and (c)
100 psia.

The final chamber is viewed using a chamber line to further understand the flow
regime. In the standard seals, the fluid velocity along the centerline was primarily
in the x-direction, as in creating a projection did not change the vector orientation,
whereas in the AM seal a projection is required to better read the flow.
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(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 6.6: Projected fluid flow within the final chamber in the AM N6 seal
using water as a working fluid for inlet pressures (a) 30 psia, (b) 50 psia,
and (c) 100 psia.

The fluid flow direction change is easily viewed above the chamber bar and about
half way between the shaft surface and top of the chamber bar. High speed fluids
still exists in the clearance region but is roughly 4 ft s−1 slower at 30 psia and 10 ft s−1
slower at 100 psia than the standard N6 seal. At 100 psia, a third directional change
occurs slightly above the top of the chamber bar.
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6.3.3

Line Analysis

Line analysis was conducted again on the seal. Figure 6.7 presents the line analysis
for both pressure and velocity using water as a working fluid. The vertical dashed
lines represent the beginning and end of a tooth as before.

(a) Pressure

(b) Velocity

Figure 6.7: Line analysis values for (a) pressure and (b) velocity for water.

As expected, matching what has previously been viewed in the standard seals, a
higher speed across the first tooth before becoming constant in the remaining teeth is
viewed. Additionally, the velocity change within the chambers increases with increasing inlet pressure. Minor pressure reductions are realized across the tooth due to the
introduction of the “mini-chamber” within the tooth. A small increase in pressure
occurs in the middle of the chamber, where the fluid is about half way through its
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Figure 6.8: Line Analysis of velocity for both the AM and smooth seals
overlaid using water.
velocity decrease. The pressure through the chamber is a flatter curve than what is
seen with the standard seals. The standard seals have a wave like variation increase
and decrease through the chamber while the AM seal is held more at a constant
pressure. Figure 6.8 presents velocity line analysis for both the smooth and AM seal
overlaid to highlight changes in velocity between the two seals. Further comparison
plots are presented in Appendix E.

6.3.4

Additively Manufactured Seal - Compressible Fluid

The results for the additively manufactured seal using air are presented in Table 6.2.
Leakage rates are provided along with comparisons between the smooth and rough
seal to the AM seal. Comparison of the smooth to the rough seal are provided for
context on improvements when using an AM geometry. The positive values denote
an improvement of the AM seal compared to the rough or smooth seal.
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Table 6.2: Simulation results for the additively manufactured seal compared against smooth and rough standard seals using air. The smooth
and rough standard seal comparison is listed as reference.
Pressure
psia
30
35
40
45
50
55
60
75
100

AM Seal
lbm s−1
0.2552
0.3069
0.3569
0.4051
0.4521
0.4986
0.5450
0.6839
0.9159

Smooth vs. Rough
%
1.73
1.07
1.68
1.80
0.80
1.77
1.74
1.84
2.39

Smooth vs. AM
%
6.21
5.86
6.30
6.27
5.22
5.91
6.08
6.16
6.68

Rough vs. AM
%
4.56
4.84
4.70
4.55
4.46
4.21
4.42
4.40
4.39

The largest leakage decreased observed is almost 7 % at an inlet pressure of 100 psia.
Roughness had a much larger effect when simulating air compared to water, but
similar gains were seen in the geometry section. Comparisons between the rough,
smooth and AM seals are presented in Figure 6.9.
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Figure 6.9: Comparison of smooth verus rough, smooth versus AM, and
rough versus AM seals for all tested inlet pressures using air as a working
fluid.

The smooth versus rough curve depicts simulation data conducted previously. The
smooth versus AM curve is used to compare the effects of both roughness and geometry compared to the standard seal. The rough versus AM seal compares the added
effects of geometry only. As before, the addition of roughness due to an increase of
surface roughness is not deducted. The leakage decrease is rather constant across all
inlet pressures.

6.3.5

Flow Visualization

Flow visualization was conducted using air as a working fluid as well. Figure 6.10
presents the inlet section and first two chambers of the AM N6 seal at 30, 50, and
100 psia. A similar pattern in flow occurs as within the incompressible fluid seal in
which a primary and secondary mixing zone exist. The effects of the swirl zones on
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the high speed jet along the clearance region become less with an increase in inlet
pressure. The initial jet within the first seal tooth is also at its slowest while increasing
when leaving the next seal tooth.

(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 6.10: Flow visualization of the first two chambers for inlet pressures
(a) 30 psia, (b) 50 psia, and (c) 100 psia.
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The increase in jet velocity through the seal is supplemented by the remaining seal
teeth. Figure 6.11 presents the final two chambers and outlet section for the seal at
the same pressures listed in Figure 6.10.

(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 6.11: Flow visualization of the last two chambers for inlet pressures
(a) 30 psia, (b) 50 psia, and (c) 100 psia.

Flow within the chambers increases speed in the later chambers. More variation in
the fluid velocity is present at a 30 psia inlet pressure while velocity progressively
increases with each chamber. Sonic speeds occur within the seal at an inlet pressure
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of 50 psia. Super sonic speeds are achieved after the final tooth at an inlet pressure
of 100 psia. This is consistent with what was seen within the standard seal.

(a) 30 psi

(b) 50 psi

(c) 100 psi

Figure 6.12: Flow visualization of the last chamber for inlet pressures (a)
30 psia, (b) 50 psia, and (c) 100 psia.

6.3.6

Line Analysis

Line analysis is conducted again. In addition to pressure and velocity, temperature
is also presented. Temperature is added due to the compressibility of air and to help
for see changes in Mach Number. As before, the dashed vertical lines indicate the
start and stop points of the teeth.
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(a) Pressure

(b) Temperature

(c) Velocity

Figure 6.13: Line analysis values for (a) pressure, (b) temperature, and
(c) velocity for the AM seal.

Large oscillations are present in the curves for 100 psia. This is due to the presence of
supersonic flow creating Mach diamonds within the flow. As stated earlier, sonic flow
is achieved in the final at an inlet pressure of 50 psia but does not reach supersonic
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Figure 6.14: Line Analysis of velocity for both the AM and smooth seals
overlaid using air.
conditions past the final tooth. Large spikes in temperature are present leading to a
decrease in the speed of sound which gives rise to such high Mach Numbers. Mach
Numbers of 0.6, 1.0, and 1.9 are present within the seal for inlet pressures of 30, 50,
and 100 psia, respectively. This is consistent with what was seen in the standard N6
seal. Temperature drops within the fluid occur with a slight increase when moving
downstream. Velocity also increases between each chamber. The temperature and
velocity lines are identical except after the last sealing point for inlet pressures of
50 psia and 100 psia. This is theorized to be due to the reach of sonic conditions in
the final tooth clearance region. As before, a line analysis comparison plot of velocity
between the smooth seal and AM seal is presented in Figure 6.14
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Chapter 7
TEST STAND DESIGN AND EXPERIMENTAL PROCEDURE

Experimental data is a key component for validating and improving simulation model
accuracy. This is true for labyrinth seals and studies by Gamal, Wittig et al., and
others have test stand designs to conduct experiments. Gamal measured leakage rates
from a three-dimensional test stand using annular seals. Flow visualization was not
conducted as part of Gamal’s study [9]. Gamal also tested a wide range of seals over
various pressure ratios with different tooth numbers, tooth pitches, and clearances
which may be useful for comparisons if an annular test stand is implemented. Wittig et al. conducted tests with six tooth two-dimensional seals of various clearances.
They measured leakage rates by comparing discharge coefficients of seal teeth and
measured pressure within the seal chambers [10]. Flow visualization was not conducted by Wittig et al. but simulation flow patterns were observed. Michaud et al.
also experimentally tested labyrinth seals [32]. Stepped labyrinth seals were a focus
in their study and the overall design could be adapted for experiments with straight
through labyrinth seals . Michaud et al. conducted flow visualization as well as leakage measurements comparing discharge coefficients and flow parameters at various
pressure ratios. Pressure taps were used to measure the pressure in each chamber.
This would be useful in CFD chamber pressure validation. Gamal and Michaud et
al.’s studies also conducted experiments at the same or similar pressure ratios simulated in this study [9, 32]. The main goal of the experimental setup for this study
would be to accurately measure the leakage rate from the labyrinth seal. Additional
features such as adjustable clearance and the ability to test longer seals are left for
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a second revision. Due to restriction in place to due COVID-19, the test stand and
experiment were not finalized.

7.1

Test Stand Design

7.1.1

Seal Geometry Sizes

The sizing of seals to be within the model will be a major constraint in the design.
As stated previously, the SLM®125 available at Cal Poly has a build volume of a
125 mm3 square. This restricts the width and length of seals to be tested. Sections of
seals can be printed can joined together to create longer seals but can create further
issues with leakage where components mate. The CFD model is based on a width of
1 m so an adjustment will be needed to correlate the results from the simulation and
experiment.
An alternative seal manufacturing method would be to print or machine teeth and
chamber bottom walls individually to allow for slight variations in roughness or geometry designs. All individual parts can be attached to a common frame and then tested.
This would allow for more reusability among components and allow for larger printed
components as well. Variations in tooth width, tooth height, and tooth pitch could
be altered without the need for an entirely new seal. Michaud et al. changed tooth
geometry in their study using this method [32]. If this method is implemented then
post processing of printed components would be required to ensure proper alignment
and fit.
The preferred test seal would not be annular, but two-dimensional. This would negate
any issues that may arise from warpage circular parts and ensuring that clearances
are equal around a shaft. Warpage may exist with a flat plate but would be easier
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to shim to obtain the desired clearances. A flat component would also be easier to
measure surface roughness along different surfaces within the seal to characterize the
profile for improving simulations. The two-dimensional model additionally allows for
larger seals to be printed without the need to replace a the simulate flat plate shaft.
Similar roughness to clearance ratios could still be met with larger seals and better
flow visualization would be achieved if needed.

7.1.2

Initial Layout

The four main aspects to the test stand are the inlet section, test section, outlet
section, and the surrounding experiment environment.

Inlet Section

The inlet section will be headed with either a compressor for air, or a pressurizer for
water, depending on the fluid being tested. A pressure regulator further down the
line will be used to regulate the upstream inlet pressure. A check valve will be added
in line to prevent reversed flow. Lastly, a pressure relief valve will be used to prevent
over pressurization and a bypass valve will be utilized to divert flow from the test
section to the outlet section.

Test Section

The test section will consist of a smoothing area to reduce turbulence within the flow
before entering the seal. This matches the inlet conditions set within the ANSYS
FLUENT solver. A pressure tap will be placed before the exit of the seal upstream
equal to the distance of the inlet section of the CFD model. This pressure tap will
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be utilized to ensure inlet pressure are at the correct value for conducting the test.
Pressure drops are expected from upstream components. The top and bottom of the
test section will be constrained by the top and bottom of the seal being tested. The
sides will be made from acrylic sheet to be able to observe flow within the test stand
if later flow visualizations with ink or other material are desired.
Sealing in the test section will be critical. The acrylic side will be fitted with gaskets
and sealed when tightened against the seal model.

Outlet Section

The outlet section will consist of a converging section into an ASME flow nozzle. The
flow nozzle utilizes two pressure taps before and after the device. The differential
pressure created can be utilized to calculate the fluid velocity at that point with a
known area. For an incompressible fluid the flow nozzle will be enough to calculate
mass flow rate. For a compressible fluid a temperature probe will be required to
measure temperature at the location to calculate the density at the outlet.

Experiment Environment

The surround environment will be important with experiment due to the different
fluids being used. In particular for the compressible fluid an exclusion zone at the
outlet of the test stand will be needed to prevent injury or damage to surrounding
structure or equipment from the high velocity fluid leaving the seal, regardless of how
much mass flow is being produced. Additionally the test stand itself will need to
sufficiently heavy or secured to prevent any movement from thrust loads experienced
during fluid exit. A collection unit is not needed for the compressible fluid as the fluid
is air and will be vented to atmospheric air. The incompressible fluid, water, will need
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some sort of containment after leaving the seal. Ideally a sump can be added to take
and collect the water to reuse for the duration of the experiment. An exclusion zone
will not be necessary for the incompressible fluid testing if the water is collected.

7.1.3

Experiment Procedure

The procedure for conducting the test is straight forward an the general procedure
will be explain in this section. A detailed process diagram is presented in Appendix
D. The general flow of the procedure is as follows:

1. Check to ensure all critical components are safe to use.
2. Close main inlet valve and open bypass valve.
3. Place seal into the test section.
4. Close bypass valve and open inlet valve a small amount.
5. Turn on fluid driving system.
6. Adjust the inlet valve until pressure before inlet is the desired value..
7. Allow system to reach steady state.
8. Take measurements.
9. Adjust inlet valve until the next desired pressure value is reached.

Critical components include all valves, the flow nozzle, and test seal. Closing the
main inlet valve and opening the bypass valve will prevent any flow from moving
into the test chamber when placing the seal. This ensures safety and no injury in
the event of an accidental start of fluid flow of the working fluid. Once the seal is
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placed in the test section, the bypass valve is closed to allow fluid into the test section.
The inlet valve is opened slightly, and this amount will need to be determined once
valves are specified, and the fluid driving system is turned on. This allows for a small
amount of fluid to enter the seal and test for leaks. If leaks are present they must be
taken care of before the test is started. Next the inlet valve can be opened to allow
the desired pressure fluid into the test section. Measurements can be taken once the
system reaches steady state and the inlet valve may be adjusted to the next desired
value for measurements.
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Chapter 8
CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK

8.1

Conclusions

Overall leakage rates were decreased with the addition of roughness and further decreased with the addition of additively manufactured geometry. These gains were on
the order of 5 to 8 % for both AM geometry and roughness while roughness only gains
were on the order of 0.5 to 2 %. Leakage decreases were higher in the refined AM seal
than seen in the results from AM test geometry due to the addition of geometry. An
area of interest is the back bevel tested within Geometry 8 which present a geometry
that is capable of being manufactured without the use of AM. This seal showed gains
of roughly 5 % which may be further increased when applying roughness. It would
further be of interest to design a seal using the best design methods to get the best
seal performance. As stated by Burcham that even changing the style of seal to a
stepped or staggered can reduce the leakage by up to 50 % [12]. Though, the gains
realized from both AM and roughness are still worth looking into. Referring back
to Stocker’s assessment of a 1 % decrease in leakage rates resulting in a turbine efficiency increase of 0.51 % would yield a turbine performance of a maximum of roughly
4 %. A 4 % increase in turbine efficiency would have tremendous effects for the space
industry where additive manufacturing is become more heavily used. Increasing turbine efficiency can lead to lowering inlet temperatures. This can lead to less wear on
materials, reduce turbine size, or give more power for the same size turbine. Trends
for compressible flow seals where the exit Mach Number is equal to one or higher the
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upstream velocity and temperature profiles are identical. The presence of supersonic
flow does not cause any negative effect on the simulated mass flow rate.
The test and experiment layout are in their infancy but enough to move into the
detail design and component selection based upon budget. Timing on the system
for when to take measurement, open and close valves will have to be specified upon
construction of the test stand. The procedure also will need to be modified in places
where design changes have occurred. Additionally, other engineering disciplines can
contribute, such as controls engineering can create a more automated system for
controlling valves and other components. With an ability to readily and easily test
different gases and liquids, Cal Poly could become a key facility in the design and
analysis of labyrinth seals.
Lastly, considerations of structural loading on AM geometry was not taken into account. Some geometries may not be possible due to strength requirements. Failure of
the seal could be catastrophic for the system. Instances like the Space Shuttle Main
Engine where an interpropellant seal is used to separate gaseous hydrogen and liquid
oxygen could be damaged due to a labyrinth seal failure and result in loss of cargo
or crew. Additionally, rotordynamic effects are also not considered. Some geometries
may create instabilities that cause more constraints in the system than the benefits
that are created from the reduced leakage. These consideration will be mainly based
on a case by case basis for a specific design. It would be beneficial for testing considerations. Gamal tested multiple pocket damper seal in which the multiple chambers
were created to help with the rotordynamic effects of seal [9]. The geometry used in
those experiments would have been easily manufactured through the use of additive
manufacturing.

136

8.2

8.2.1

Future Work

Additional Research

An additional method that was not fully explored was to have a seal with a printed
roughness. The layer by layer process from additive manufacturing would allow the
creation of offsets during printing. The spacing of the offsets from the centerline
would yield a desired roughness height and the width of the layer dependent on machine parameters. This would allow for roughness printing beyond what is normally
achieved from just printing. The variability also allows for certain sections of the seal
to be rougher than others. This method would require an actual model to simulate
to gather surface profile data from. More on simulation improvements can be found
in Section 8.2.2.
As stated, gains from other geometry changes outside of those create solely by AM
have larger gains on seal performance. This study focus on simpler geometry and by
creating a seal that follows the best design practices may show whether AM geometry
is beneficial in a more optimized seal.
Another area of interest would be to fully optimize the additive geometry. There are
essentially an infinite amount of geometries that can be created with AM. In this study
only seven AM-specific geometries were tested. Further investigation of additional
geometries as well as combination effects would result in a better understanding of
what geometries are actually effective. Geometries 2, 3, and 4 all gave leakage rate
decreases but the effects of each of them combined was not. Furthermore, placement
and size of these features may also have additional effects. Lastly, a dimensionless
number consisting of material volume added to leakage rate or similar value could
give rise to an understanding of when AM geometry addition is beneficial or not.
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8.2.2

Model Accuracy

There are several areas to improve upon in the simulation for accuracy. One area
would be to gather surface roughness data from an AM seal printed using the machine
on Cal Poly’s campus, or simple blocks to characterize surface roughness. Traditional
surface roughness measurements can be taken and transformed to equivalent sand
grain roughness or a profile of the surface can be imported into ANSYS FLUENT
for use. The surface profile would yield the best results, especially for a model of the
actual seal that will be tested.
The most obvious method to improve the simulation is to conduct an experiment.
This would quantify both Equation (2.3) and the simulation data. Additionally, the
experiment could be aided in creating a more accurate Suryanarayanan model. The
initial plans for a test are laid out in Chapter 7. The test stand could also be modified
to fit other seal geometries such as stepped seals.
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APPENDICES

Appendix A
ISOTHERMAL SIMULATION

Martins original assumptions within his equation presented in Equation (A.1) is made
with the assumption that the fluid is isothermal.

AP0
ṁ = √
RT0

s

1 − (PN /P0 )2
N − ln(PN /P0 )

(A.1)

The simulations conducted in this thesis were not held to this isothermal condition
but rather inlet, outlet, and wall temperatures were held to a constant temperature
and the fluid was allowed to vary thermally. Simulations for the N8 seal were tested
using the isothermal condition and the results compared to a thermally variable model
for 30 psia and 100 psia are presented in Table A.1.
Table A.1: Comparison of the isothermal model to the thermally variable
model and Equation (A.1).
Pressure
psia
30
100

Isothermal
Leakage
lbm s−1
0.2390
0.8587

Thermally Variable
Leakage
lbm s−1
0.2420
0.8845

Leakage
Difference
%
1.2
3.0

Martin
Leakage
lbm s−1
0.2415
0.8564

Isothermal
Error
percent
1.1
−0.3

At the lower pressure range a difference of 1.2 % is realized and a 3.0 % differece is
realized. The flow field at 30 psia is presented in Figure A.1. The same flow field is
realized in the isothermal simulation as the thermally variable simulation. In some
instances, slightly higher velocities are present.
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Figure A.1: Final chamber using the N8 seal with an inlet pressure of
30 psia.
Convergence issues were present in higher velocities in which the residuals would not
go below the desired 1 × 10−4 condition and the report plot of mass flow rate at the
outlet would continue to oscillate. Additionally, reversed flow situations would not
full solve themselves, despite not needing to solve the energy equation. Due to these
considerations, and the low changes in mass flow rate, the simulations allowed the
fluid to be thermally variable, and not isothermal.
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Appendix B
VISCOUS MODELING IN COMPUTATIONAL FLUID DYNAMICS

The turbulence model used within this study is the shear-stress transport (SST) k −ω
model. This model incorporates the use of the more robust k − ω in the near wall
region while switching to the k− in the far field region. A blending function is utilized
in the process where it is equal to one in the near wall for the k − ω model and zero
in the far field to switch to the k − . Additional differences from the standard k − 
include different modeling constants, a damped cross-diffusion derivative term in the
ω equation, and a modified turbulence viscosity definition to account for turbulent
shear stress transport. These changes make the SST k − ω more accurate and reliable
for wider class of flows.

B.1

Transport Equations

The SST k − ω is similar to the standard k − ω. The formulation for the k equation
is presented in Equation (B.1) while Equation (B.2) presents the ω equation.


∂k
ek − Yk + Sk
Γk
+G
∂xj

(B.1)



∂ω
Γω
+ Gω − Yω + Dω + Sω
∂xj

(B.2)

∂
∂
∂
(ρk) +
(ρkui ) =
∂t
∂xi
∂xj

∂
∂
∂
(ρω) +
(ρωui ) =
∂t
∂xi
∂xj

ek represents turbulence kinetic energy generation due to the
In Equation (B.1), G
mean velocity gradients, while Gω in Equation (B.2) represents the generation of
ω. The terms Γk and Γω are the effective diffusivity of both k and ω, respectively.

144

Similarly, Yk and Yω are the dissipation of k and ω. The cross-diffusion is represented
by Dω and, Sk and Sω are user-defined terms.

B.2

Model Constants

Several model constants are used within the SST k − ω model. Some values are
identical to the standard k − ω model while others have been updated. The complete
list of model constants are provided in Table B.1.
Table B.1: Model constants for the SST k − ω turbulence model.
Variable
α1
∗
α∞
α0
βi,1
βi,2
∗
β∞
σk,1
σk,2
σω,1
σω,2
κ
ζ∗
Rβ
Rk
Rω
Mt0

B.3

Value
0.31
1
1
9

0.075
0.0828
0.09
1.176
1.0
2.0
1.168
0.41
1.5
8
6
2.95
0.25

Effective Diffusivity Modeling

Effective diffusivity for the model is provided in Equations (B.3) and (B.4).

Γk = µ +
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µt
σk

(B.3)

Γω = µ +

µt
σω

(B.4)

The turbulent viscosity term defined in Equation (B.5)

µt =

1
ρk
h
i
ω max 1 , SF2
α∗ α1 ω

(B.5)

Here S is the strain-rate magnitude. The α∗ is a damper for the turbulent viscosity which causes a low-Reynolds-Number correction. The equation is presented in
Equation (B.6)
∗

α =

∗
α∞

The term, Ret is computed by using



ρk
µω

α0∗ + Ret /Rk
1 + Ret /Rk


(B.6)

and the remaining constant values are listed

in Table B.1. The terms σk and σω from Equations (B.3) and (B.4) are the turbulent
Prandtl numbers and are presented in Equations (B.7) and (B.8)

σk =

1
F1 /σk,1 + (1 − F1 )/σk,2

(B.7)

σω =

1
F1 /σω,1 + (1 − F1 )/σω,2

(B.8)

The blending functions, F1 in Equations (B.7) and (B.8) and F2 , used in Equation
(B.5) are presented in the following equations.

F1 = tanh(Φ41 )

"
Φ1 = min max

√

k 500µ
,
0.09ωy ρy 2 ω
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(B.9)

!

4ρk
,
σω,2 Dω+ y 2

#
(B.10)

Dω+



1 1 ∂k ∂ω
= max 2ρ
, 10−10
σω,2 ω ∂xj ∂xj



F2 = tanh(Φ22 )

"

√

k 500µ
,
Φ2 = max 2
0.09ωy ρy 2 ω

(B.11)

(B.12)

#
(B.13)

In these equations y is the distance to the next surface while Dω+ is the positive portion
of the cross cross-diffusion term.

B.4

Cross-Diffusion Modification

The cross diffusion term, Dω aids in the transformation of the k −  model into
equations based on both k and ω. the equation is presented in Equation (B.14).

Dω = 2(1 − F1 )ρσω,2

B.5

B.5.1

1 ∂k ∂ω
ω ∂xj ∂xj

(B.14)

Turbulence Production

k Production

The production of turbulence kinetic energy is defined by Equation (B.15).

ek = min(Gk , 10ρβ ∗ kω)
G
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(B.15)

where Gk is defined in Equation (B.16)

Gk = −ρu0i u0j

B.5.2

∂uj
∂xi

(B.16)

ω Production

Production of ω is defined using Equation (B.17)

Gω =

αe
Gk
νt

(B.17)

The formulation is different than the standard k − ω model in that α∞ is not a
constant value of 0.52 but rather is calculated using Equation (B.18).

α∞ = F1 α∞,1 + (1 − F1 )α∞,2

(B.18)

where α∞,1 and α∞,2 are computed using Equations (B.19) and (B.20), respectively.
κ2
βi,1
p
−
∗
∗
β∞
σω,1 β∞

(B.19)

βi,2
κ2
p
= ∗ −
∗
β∞
σω,2 β∞

(B.20)

α∞,1 =

α∞,2

These terms are then used to compute α using Equation (B.21)
α∞
α= ∗
α



α0 + Ret /Rω
1 + Ret /Rω
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(B.21)

B.6

B.6.1

Turbulence Model Dissipation

k Dissipation

Turbulence kinetic energy dissipation is denoted using the term Yk . It is computed
differently in the SST model versus the standard model in that the term fβ ∗ is defined
as 1 rather than being defined as piecewise. This results in Equation (B.22).

Yk = ρβ ∗ kω

(B.22)

The term β ∗ is computed using Equation

β ∗ = βi∗ [1 + ζ ∗ F (Mt )]

(B.23)

where βi is defined using Equation (B.24).
βi∗

=

∗
β∞



4/15 + (Ret /Rβ )4
1 + (Ret /Rβ )4


(B.24)

Compressibility effects are mitigated by using the F (Mt ) term. The calculations are
presented in Equation (B.25).

F (Mt ) =



 0

Mt ≤ Mt0


2
 Mt2 − Mt0

Mt > Mt0

(B.25)

The turbulent Mach Number is defined in Equation (B.26) with a being the speed of
sound.
Mt2 =
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2k
a2

(B.26)

B.6.2

ω Dissipation

The dissipation term for ω, Yω , presented in Equation (B.27), follows a similar suit
in that fβ is defined as 1 and βi is no longer a constant.

Yω = ρβω 2

(B.27)

The term β is computed using Equation (B.28).


βi∗ ∗
β = βi 1 − ζ F (Mt )
βi


As stated, βi is not a constant and is computed using Equation (B.24).
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(B.28)

Appendix C
UPDATED SURYANARAYANAN MODEL

1

%% Updated Suryan-Model for Compressible Air

2

%

3

% Original Author: Suryanarayanan

4

% Updates made by: Gasbarra

5

%

6

%% Variable List

7

% c = radial clearance

s = tooth pitch

8

% w = tooth width

N = number of teeth

9

% Pi = inlet pressure

Pe = exit pressure

10

% T = exit temperature

mu = dynamic viscosity - air

11

% Rg = specific gas constant - air

A = area

12

% p = upstream pressure

rho = density of upstream tooth

13

% mdot = mass flow rate

error = error

14

% Re = Reynolds Number

gamma = carry over coefficient

15

% cd1 = discharge coefficient for single or first tooth

16

% tdc = discharge coefficient for subsequent tooth

17

% Y = expansion factor

18
19

%% Script

20
21

% clear and reset console window

22

clear,clc;

23
24

% input seal information

25

c = input('Enter radial clearance in m : ');

26

s = input('Enter tooth pitch in m: ');
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27

w = input('Enter tooth width in m: ');

28

N = input('Enter number of teeth : ');

29

Pi = input('Enter seal inlet pressure in Pa: ');

30

Pe = input('Enter seal exit pressure in Pa: ');

31

rho= input('Enter density in kg/mˆ3 : ');

32

mu = input('Enter dynamic viscosity in PaS : ');

33
34

% ANSYS Fluent default area

35

A = c*1;

36
37

% update pressure along the seal

38

p = ones(1,N+1); p(1) = Pi; p(N+1) = Pe;

39
40

% guess at mdot

41

mdot = 0.1*A*sqrt((Pi-Pe)*rho);

42
43

% set up error and iterate

44

error=1;

45

for i=1:10000

46

% calculate Reynolds number using mdot and FLUENT area

47

Re = 2*mdot/(mu*1);

48

% calculate carry over coefficient with corresponding ratios

49

gamma =((1-6.5*(c/s))- 8.638*(c/s) ...
*(w/s))*(Re+((1-6.5*(c/s))- 8.638*(c/s) *(w/s))ˆ(- ...
1/(2.454*(c/s)+2.258*(c/s)*...

50

(w/s)ˆ1.673)))ˆ(2.454*(c/s)+2.258*(c/s)*(w/s)ˆ1.673);

51

% calculate first tooth discharge coefficient

52

cd1 =(1.097-0.0029*w/c)*(1+(44.86*w/c)/Re)ˆ(-0.2157)/sqrt(2);

53

% calculate upstream tooth discharge coefficient

54

tdc =cd1*0.925*gammaˆ.861;

55

% update pressure for next tooth

56

p(2) = p(1)-(mdot/A)ˆ2/(2*cd1ˆ2*rho);
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for j = 2:N-1

57
58

% calculate remaining pressures for the seal

59

p(j+1) =p(j)-(mdot/A)ˆ2/(2*tdcˆ2*rho);
end

60
61

% calculate new mdot and check error

62

mdot1 = A*tdc*sqrt(2*(rho*(p(N)-p(N+1))));

63

error = abs((mdot1-mdot)/mdot);

64

mdot=(mdot1-mdot)*0.1+mdot;

65

if(error<0.0001)

66

% if error is less than 0.0001 then exit for loop

67

break;
end

68
69

end

70

% display leakage rate

71

disp('leakage rate in kg/s is : ');

72

mdot

%% Updated Suryan-Model for Compressible Air

1
2

%

3

% Original Author: Suryanarayanan

4

% Updates made by: Gasbarra

5

%

6

%% Variable List

7

% c = radial clearance

s = tooth pitch

8

% w = tooth width

N = number of teeth

9

% Pi = inlet pressure

Pe = exit pressure

10

% T = exit temperature

mu = dynamic viscosity - air

11

% Rg = specific gas constant - air

A = area

12

% p = upstream pressure

rho = density of upstream tooth

13

% mdot = mass flow rate

error = error

14

% Re = Reynolds Number

gamma = carry over coefficient
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15

% cd1 = discharge coefficient for single or first tooth

16

% tdc = discharge coefficient for subsequent tooth

17

% Y = expansion factor

18
19

%% Script

20
21

% clear and rest console and variables

22

clear, clc;

23
24

% input seal variables

25

c = input('Enter radial clearance in m : ');

26

s = input('Enter tooth pitch in m: ');

27

w = input('Enter tooth width in m: ');

28

N = input('Enter number of teeth : ');

29

Pi = input('Enter seal inlet pressure in Pa: ');

30

Pe = input('Enter seal exit pressure in Pa: ');

31

T= input('Enter exit temperature in K : ');

32
33

% air specific quantities

34

mu =0.0000179; Rg=287;

35
36

% ANSYS Fluent default area

37

A = c*1;

38
39

% setting pressure values

40

p = ones(1,N+1); p(1) = Pi; p(N+1) = Pe;

41
42

% determine initial density

43

rho(1)=p(1)/(Rg*T);

44
45

%initial mdot guess

46

mdot = 0.1*A*sqrt((Pi-Pe)*rho(1));
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47
48

% set up error

49

error=1;

50

Y=ones(1,N);

51
52

% start iterations

53

for i=1:10000

54

% calculated reynolds number based on current mdot and fluent ...
area

55

Re = 2*mdot/(1*mu);

56

% calculate carry over coefficient with corresponding ratios

57

gamma =((1-6.5*(c/s))- 8.638*(c/s) ...
*(w/s))*(Re+((1-6.5*(c/s))- 8.638*(c/s) *(w/s))ˆ(- ...
1/(2.454*(c/s)+2.258*(c/s)*...

58

(w/s)ˆ1.673)))ˆ(2.454*(c/s)+2.258*(c/s)*(w/s)ˆ1.673);

59

% first tooth discharge coefficient calculated

60

cd1 =(1.097-0.0029*w/c)*(1+(44.86*w/c)/Re)ˆ(-0.2157)/sqrt(2);

61

% subsequent tooth discharge coefficient calculated

62

tdc =cd1*0.925*gammaˆ.861;

63

% update pressure values

64

p(2) = p(1)-(mdot/A)ˆ2/(2*Y(1)ˆ2*cd1ˆ2*rho(1));

65

Y(1)=0.558+0.442*(p(2)/p(1));

66

% calculate density in next tooth

67

rho(2)=p(2)/(Rg*T);

68

% iterate for remaining density and pressure values

69

for j = 2:N-1

70

p(j+1) =p(j)-(mdot/A)ˆ2/(2*Y(j)ˆ2*tdcˆ2*rho(j));

71

rho(j+1)=p(j+1)/(Rg*T);

72

Y(j)= 0.558+0.442*(p(j+1)/p(j));

73

end

74

Y(N)= 0.558+0.442*(p(N+1)/p(N));

75
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76

% calculate updated mass flowrate and check for error

77

mdot1 = A*Y(N)*tdc*sqrt(2*(rho(N)*(p(N)-p(N+1))));

78

error = abs((mdot1-mdot)/mdot);

79

mdot=(mdot1-mdot)*0.1+mdot;

80

if(error<0.0001)

81

% if error is less than 0.0001 then break for loop

82

break;
end

83
84

end

85

% display leakage rate

86

disp('leakage rate in kg/s is : ');

87

mdot
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Appendix D
PROCESS PLAN
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Appendix E
SMOOTH VERSUS AM LINE ANALYSIS PLOTS

E.1

Water Line Analysis Continuation

Figure E.1: Line Analysis of pressure for both the AM and smooth seals
overlaid using water.
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E.2

Air Line Analysis Continuation

Figure E.2: Line Analysis of pressure for both the AM and smooth seals
overlaid using air.

Figure E.3: Line Analysis of temperature for both the AM and smooth
seals overlaid using air.
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